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AďstraĐt 22 
 23 
A detailed aŶalǇsis is Đaƌƌied out to assess the HadGEMϯ-A gloďal atŵospheƌiĐ ŵodel skill iŶ siŵulatiŶg 24 
eǆtƌeŵe teŵpeƌatuƌes, pƌeĐipitatioŶ aŶd stoƌŵ suƌges iŶ Euƌope iŶ the ǀieǁ of theiƌ attƌiďutioŶ to 25 
huŵaŶ iŶflueŶĐe. The aŶalǇsis is peƌfoƌŵed ďased oŶ aŶ eŶseŵďle of ϭϱ atŵospheƌiĐ siŵulatioŶs 26 
foƌĐed ǁith oďseƌǀed “ea “uƌfaĐe Teŵpeƌatuƌe of the ϱϰ Ǉeaƌ peƌiod ϭϵϲϬ–ϮϬϭϯ. These siŵulatioŶs, 27 
togetheƌ ǁith dual siŵulatioŶs ǁithout huŵaŶ iŶflueŶĐe iŶ the foƌĐiŶg, aƌe iŶteŶded to ďe used iŶ 28 
ǁeatheƌ aŶd Đliŵate eǀeŶt attƌiďutioŶ. The aŶalǇsis iŶǀestigates the ŵaiŶ pƌoĐesses leadiŶg to eǆtƌeŵe 29 
eǀeŶts, iŶĐludiŶg atŵospheƌiĐ ĐiƌĐulatioŶ patteƌŶs, theiƌ liŶks ǁith teŵpeƌatuƌe eǆtƌeŵes, laŶd-30 
atŵospheƌe aŶd tƌopospheƌe-stƌatospheƌe iŶteƌaĐtioŶs. It also Đoŵpaƌes oďseƌǀed aŶd siŵulated 31 
ǀaƌiaďilitǇ, tƌeŶds aŶd geŶeƌalized eǆtƌeŵe ǀalue theoƌǇ paƌaŵeteƌs foƌ teŵpeƌatuƌe aŶd pƌeĐipitatioŶ. 32 
OŶe of the ŵost stƌikiŶg fiŶdiŶgs is the aďilitǇ of the ŵodel to Đaptuƌe Noƌth-AtlaŶtiĐ atŵospheƌiĐ 33 
ǁeatheƌ ƌegiŵes as oďtaiŶed fƌoŵ a Đlusteƌ aŶalǇsis of sea leǀel pƌessuƌe fields. The ŵodel also 34 
ƌepƌoduĐes the ŵaiŶ oďseƌǀed ǁeatheƌ patteƌŶs ƌespoŶsiďle foƌ teŵpeƌatuƌe aŶd pƌeĐipitatioŶ 35 
eǆtƌeŵe eǀeŶts. Hoǁeǀeƌ, ďiases aƌe fouŶd iŶ ŵaŶǇ phǇsiĐal pƌoĐesses. “lightlǇ eǆĐessiǀe dƌǇiŶg ŵaǇ 36 
ďe the Đause of aŶ oǀeƌestiŵated suŵŵeƌ iŶteƌaŶŶual ǀaƌiaďilitǇ aŶd too iŶteŶse heat ǁaǀes, espeĐiallǇ 37 
iŶ ĐeŶtƌal/ŶoƌtheƌŶ Euƌope. Hoǁeǀeƌ, this does Ŷot seeŵ to hiŶdeƌ pƌopeƌ siŵulatioŶ of suŵŵeƌ 38 
teŵpeƌatuƌe tƌeŶds. Cold eǆtƌeŵes appeaƌ ǁell siŵulated, as ǁell as the uŶdeƌlǇiŶg ďloĐkiŶg fƌeƋueŶĐǇ 39 
aŶd stƌatospheƌe-tƌopospheƌe iŶteƌaĐtioŶs . Eǆtƌeŵe pƌeĐipitatioŶ aŵouŶts aƌe oǀeƌestiŵated aŶd too 40 
ǀaƌiaďle. The atŵospheƌiĐ ĐoŶditioŶs leadiŶg to stoƌŵ suƌges ǁeƌe also eǆaŵiŶed iŶ the BaltiĐs ƌegioŶ. 41 
Theƌe, siŵulated ǁeatheƌ ĐoŶditioŶs appeaƌ Ŷot to ďe leadiŶg to stƌoŶg eŶough stoƌŵ suƌges, ďut 42 
ǁiŶds ǁeƌe fouŶd iŶ ǀeƌǇ good agƌeeŵeŶt ǁith ƌeaŶalǇses. The peƌfoƌŵaŶĐe iŶ ƌepƌoduĐiŶg 43 
atŵospheƌiĐ ǁeatheƌ patteƌŶs iŶdiĐates that ďiases ŵaiŶlǇ oƌigiŶate fƌoŵ loĐal aŶd ƌegioŶal phǇsiĐal 44 
pƌoĐesses. This ŵakes loĐal ďias adjustŵeŶt ŵeaŶiŶgful foƌ Đliŵate ĐhaŶge attƌiďutioŶ. 45 
 46 
  47 
ϭ. IŶtroduĐtioŶ 48 
 49 
IŶ ƌeĐeŶt Ǉeaƌs attƌiďutioŶ of ĐhaŶgiŶg likelihood of ǁeatheƌ eǀeŶts has ŵotiǀated aŶ outstaŶdiŶg 50 
effoƌt of the Đliŵate sĐieŶĐe ĐoŵŵuŶitǇ ;“tott et al., ϮϬϭϲͿ. While deteĐtiŶg tƌeŶds iŶ odds of eǆtƌeŵe 51 
eǀeŶts ;eg. as ĐhaƌaĐteƌized ďǇ the eǆĐeedaŶĐe of a thƌesholdͿ ĐaŶ dƌaǁ solelǇ oŶ oďseƌǀatioŶal data, 52 
foƌŵal attƌiďutioŶ to huŵaŶ aĐtiǀities ƌeƋuiƌes ĐoŵpaƌiŶg statistiĐs iŶ a ͞ĐuƌƌeŶt Đliŵate͟ ǁoƌld aŶd iŶ 53 
a ǁoƌld ǁheƌe huŵaŶ aĐtiǀities haǀe Ŷot oĐĐuƌƌed. This ƌeƋuiƌes ŵodel siŵulatioŶs ǁith diffeƌeŶt sets 54 
of assuŵptioŶs ĐoŶĐeƌŶiŶg eǆteƌŶal foƌĐiŶg. This also ƌeƋuiƌes that the ŵodels used aƌe aďle to 55 
siŵulate the ĐhaŶges iŶ likelihood of eǆtƌeŵes ďǇ ĐoŵpaƌiŶg ǁith oďseƌǀatioŶs, ǁhiĐh is ofteŶ diffiĐult 56 
iŶ pƌaĐtiĐe due to the shoƌt leŶgth aŶd laĐk of hoŵogeŶeitǇ of oďseƌǀatioŶal data sets. A siŵplifiĐatioŶ 57 
is ofteŶ ŵade ǁith the assuŵptioŶ that the aŶthƌopogeŶiĐ effeĐt is iŶĐluded iŶ suƌfaĐe ǀaƌiaďles suĐh 58 
as ““T, sea iĐe ;Pall et al., ϮϬϭϭͿ oƌ soil ŵoistuƌe ;Hauseƌ et al., ϮϬϭϲͿ, aŶd iŶ atŵospheƌiĐ ĐoŵpositioŶ, 59 
aŶd that eǆtƌeŵe eǀeŶts ƌespoŶd to this iŶflueŶĐe thƌough pƌoĐesses liŶkiŶg suƌfaĐe aŶd atŵospheƌe. 60 
IŶ ĐoŶtƌast, attƌiďutioŶ of oďseƌǀed tƌeŶds to Đauses ƌelies oŶ aŶalǇsis of the oďseƌǀed ĐhaŶge ǁith the 61 
help of Đliŵate ŵodels, heŶĐe is ŵoƌe diƌeĐtlǇ aŶĐhoƌed to the oďseƌǀed ĐhaŶge ;see NA“ ƌepoƌt, ϮϬϭϲ; 62 
Hegeƌl aŶd )ǁieƌs, ϮϬϭϭͿ. IŶ pƌaĐtiĐe, aŶthƌopogeŶiĐ foƌĐiŶg iŶflueŶĐe oŶ teŵpeƌatuƌe-ƌelated ǀaƌiaďles 63 
is suĐh that ĐhaŶges aƌe fouŶd ǁith a high ĐoŶsisteŶĐǇ usiŶg ďoth appƌoaĐhes foƌ tƌeŶds iŶ ŵeaŶ aŶd 64 
eǆtƌeŵes ;BiŶdoff et al., ϮϬϭϯͿ. 65 
AttƌiďutioŶ ŵakes oŶe uŶaǀoidaďle assuŵptioŶ: that dǇŶaŵiĐal aŶd phǇsiĐal pƌoĐesses aƌe ĐoƌƌeĐtlǇ 66 
ƌepƌeseŶted iŶ the Đliŵate ŵodel used foƌ attƌiďutioŶ. If all pƌoĐesses aƌe ǁell aĐĐouŶted foƌ, 67 
seŶsitiǀities to foƌĐiŶg ĐhaŶges should ďe ƌealistiĐ. AttƌiďutioŶ of ǁeatheƌ eǀeŶts theƌefoƌe ƌeƋuiƌes a 68 
Đaƌeful eǀaluatioŶ of pƌoĐesses iŶǀolǀed iŶ the ďuild-up of the eǀeŶts. EǀaluatioŶ also ƌeƋuiƌes 69 
eǆaŵiŶatioŶ of eǆtƌeŵe eǀeŶts statistiĐs, aŶd if possiďle theiƌ ĐhaŶge ǁith iŶĐƌeasiŶg gƌeeŶhouse gases 70 
aŶd otheƌ huŵaŶ-dƌiǀeŶ ĐhaŶges ;Bellpƌat aŶd Doďlas-ReǇes, ϮϬϭϲ; Lott aŶd “tott, ϮϬϭϲ; “ippel et al., 71 
ϮϬϭϲͿ. 72 
This studǇ eǆaŵiŶes hoǁ the ŶeǁlǇ upgƌaded HadleǇ CeŶtƌe Gloďal EŶǀiƌoŶŵeŶtal Model ǀeƌsioŶ ϯ-73 
Atŵospheƌe ;HadGEMϯ-AͿ atŵospheƌiĐ ŵodel peƌfoƌŵs iŶ ǀieǁ of eǀeŶt attƌiďutioŶ iŶ Euƌope, ǁith a 74 
foĐus oŶ pƌoĐesses leadiŶg to eǆtƌeŵe eǀeŶts. The eaƌlieƌ, loǁeƌ ƌesolutioŶ, ǀeƌsioŶ of the ŵodel ǁas 75 
eŵploǇed iŶ seǀeƌal attƌiďutioŶ studies of eǆtƌeŵe eǀeŶts iŶĐludiŶg ĐoŶseĐutiǀe Đold ǁiŶteƌs iŶ the UK, 76 
the MosĐoǁ heatǁaǀe iŶ JulǇ ϮϬϭϬ ;Chƌistidis et al., ϮϬϭϯaͿ, the seǀeƌe East AfƌiĐaŶ dƌought of ϮϬϭϭ 77 
;Lott et al., ϮϬϭϯͿ, the EasteƌŶ Austƌalia floods of ϮϬϭϭ ;Chƌistidis et al., ϮϬϭϯďͿ aŶd the Đold spƌiŶg of 78 
ϮϬϭϯ iŶ the UK ;Chƌistidis et al., ϮϬϭϰͿ. These aŶalǇses ƋuaŶtified the effeĐt of aŶthƌopogeŶiĐ iŶflueŶĐe 79 
oŶ the likelihood of the eǀeŶts as ǁell as the assoĐiated uŶĐeƌtaiŶtǇ fƌoŵ liŵited Ŷuŵďeƌ of aǀailaďle 80 
siŵulatioŶs. Moƌeoǀeƌ, siŵple eǀaluatioŶ assessŵeŶts ǁeƌe Đaƌƌied out to deŵoŶstƌate that the ŵodel 81 
ǁas fit foƌ puƌpose aŶd aďle to ƌealistiĐallǇ ƌepƌeseŶt the tǇpe of eǆtƌeŵes uŶdeƌ ĐoŶsideƌatioŶ iŶ the 82 
ƌegioŶ of iŶteƌest. AŶgelil et al. ;ϮϬϭϲͿ Đoŵpaƌed the siŵulated eǆtƌeŵe eǀeŶts ǁith ƌeaŶalǇses 83 
datasets at ƌelatiǀelǇ high ƌesolutioŶ aŶd fouŶd ŵisŵatĐhes aŵoŶg all sets ;ŵodels aŶd ƌeaŶalǇses aŶd 84 
aŵoŶg ƌeaŶalǇses theŵselǀesͿ. This highlights oďseƌǀatioŶal diffiĐulties ǁheŶ ĐoŵpaƌiŶg suď-ƌegioŶal 85 
tƌeŶds usiŶg ƌeaŶalǇses, aŶd eŵphasizes the Ŷeed to Ŷot oŶlǇ eǀaluate statistiĐal pƌopeƌties ďut also 86 
phǇsiĐal ŵeĐhaŶisŵs iŶǀolǀed iŶ the tƌeŶds. 87 
Heƌe, the Ŷeǁ eŶseŵďle of siŵulatioŶs is eǀaluated thƌough ĐoŵpaƌisoŶ ǁith aǀailaďle oďseƌǀatioŶs. 88 
These siŵulatioŶs aƌe Ŷoǁ used iŶ seǀeƌal attƌiďutioŶ studies ;e.g. EdeŶ et al, ϮϬϭϲ; ǀaŶ OldeŶďoƌgh et 89 
al., ϮϬϭϳ, iŶ pƌepaƌatioŶ; Philip et al., ϮϬϭϳ, Hauseƌ et al, ϮϬϭϳ, Klehŵet et al, ϮϬϭϳ, iŶ pƌepaƌatioŶ, 90 
EdeŶ et al, ϮϬϭϳ, ChƌistiaŶseŶ et al, ϮϬϭϳ, iŶ pƌepaƌatioŶ, WilĐoǆ et al., ϮϬϭϳͿ, ǁheƌe eǀaluatioŶ is 91 
Đaƌƌied out foƌ the loĐal Đase studǇ. Hoǁeǀeƌ, aŶ oǀeƌall eǀaluatioŶ of the ŵodel foƌ Euƌope is ŶeĐessaƌǇ 92 
iŶ oƌdeƌ to assess ĐoŶfideŶĐe iŶ attƌiďutioŶ ƌesults deƌiǀed fƌoŵ this ŵodel. 93 
This aƌtiĐle addƌesses thƌee ŵaiŶ ƋuestioŶs: ;iͿ aƌe the siŵulatioŶs ĐoƌƌeĐtlǇ ƌepƌeseŶtiŶg the statistiĐs 94 
of eǀeŶts foƌ the histoƌiĐal peƌiod ϭϵϲϬ-ϮϬϭϯ? ;iiͿ Aƌe the siŵulatioŶs ĐoƌƌeĐtlǇ ƌepƌeseŶtiŶg loŶg-teƌŵ 95 
ĐhaŶges iŶ eǆtƌeŵe eǀeŶts aŶd dǇŶaŵiĐs aloŶg the ƌefeƌeŶĐe peƌiod? ;iiiͿ Aƌe the siŵulatioŶs  ĐoƌƌeĐtlǇ 96 
ƌepƌeseŶtiŶg the keǇ pƌoĐesses dƌiǀiŶg to eǆtƌeŵe eǀeŶts? 97 
The fiƌst aŶd last issues aƌe Đoǀeƌed iŶ detail iŶ this doĐuŵeŶt. The seĐoŶd oŶe is a ŵoƌe diffiĐult 98 
ƋuestioŶ to addƌess ǁith ϱϰ-Ǉeaƌ loŶg siŵulatioŶs. TƌeŶds, espeĐiallǇ iŶ eǆtƌeŵes, haǀe ƌegioŶal 99 
patteƌŶs of ƌespoŶse to huŵaŶ aĐtiǀities that aƌe faiƌlǇ uŶĐeƌtaiŶ due to loŶg-teƌŵ atŵospheƌiĐ 100 
ǀaƌiaďilitǇ. HeŶĐe a siŶgle-ƌealizatioŶ oďseƌǀatioŶ is Ŷot eǆpeĐted to agƌee ĐoŵpletelǇ ǁith ŵodel 101 
siŵulatioŶs. 102 
A last issue ĐoŶĐeƌŶiŶg the ŵodel eŶseŵďle is also ǁhetheƌ the oǀeƌall eŶseŵďle also Đaptuƌes the 103 
Ŷatuƌal ǀaƌiaďilitǇ ǁell. This ǁill hoǁeǀeƌ Ŷot ďe ĐoŶsideƌed heƌe to keep foĐus oŶ pƌoĐesses. This 104 
ƋuestioŶ ǁas addƌessed iŶ a theoƌetiĐal fƌaŵeǁoƌk to shoǁ that the ĐoŶsisteŶĐǇ of the eŶseŵďle 105 
spƌead ĐaŶ ďe ŵeasuƌed ďǇ the ŶotioŶ of ƌeliaďilitǇ ;Bellpƌat aŶd Doďlas-ReǇes, ϮϬϭϲ; Lott aŶd “tott, 106 
ϮϬϭϲͿ. EŶseŵďle ƌeliaďilitǇ ŵeasuƌes ǁhetheƌ the pƌoďaďilitǇ to eǆĐeed a thƌeshold ;e.g. aŶ eǆtƌeŵe 107 
eǀeŶt oƌ a laƌge ŵodel ƋuaŶtileͿ agƌees ǁith the fƌeƋueŶĐies of the saŵe thƌeshold iŶ aŶ oďseƌǀed 108 
ƌeĐoƌd. CoƌƌeĐt ƌeliaďilitǇ is theƌefoƌe a ŶeĐessaƌǇ ĐoŶditioŶ foƌ the eŶseŵďle pƌoďaďilities used iŶ 109 
eǀeŶt attƌiďutioŶ studies Ŷot to ďe ďiased.  A ďias iŶ eŶseŵďle ƌeliaďilitǇ sǇsteŵatiĐallǇ affeĐts the 110 
fƌaĐtioŶ of attƌiďutaďle ƌisk ;Bellpƌat aŶd Doďlas-ReǇes, ϮϬϭϲͿ. 111 
We foĐus heƌe oŶ a feǁ tǇpes of eǀeŶts aŶd pƌoĐesses to giǀe aŶ oǀeƌǀieǁ of the peƌfoƌŵaŶĐe of the 112 
HadGEMϯ-A sǇsteŵ iŶ Euƌope. The eǀaluatioŶ does Ŷot pƌeteŶd to ďe eǆhaustiǀe, as eǀeŶt-speĐifiĐ 113 
eǀaluatioŶ ǁill alǁaǇs ďe ŶeĐessaƌǇ. The seleĐted eǀeŶts tǇpes aƌe: heat ǁaǀes, Đold spells, dƌoughts, 114 
heaǀǇ pƌeĐipitatioŶ eǀeŶts, aŶd ǁiŶd eǀeŶts leadiŶg to stoƌŵ suƌges. These geŶeƌallǇ haǀe a dailǇ to 115 
seasoŶal tiŵe sĐale. TheǇ ǁeƌe seleĐted ďeĐause the uŶdeƌlǇiŶg ǁeatheƌ ǀaƌiaďles haǀe loŶg 116 
oďseƌǀatioŶal ƌeĐoƌds. 117 
IŶ “eĐtioŶ Ϯ, ǁe ďƌieflǇ desĐƌiďe the siŵulatioŶs. A ŵoƌe detailed desĐƌiptioŶ is giǀeŶ iŶ a sepaƌate 118 
aƌtiĐle ;Ciaǀaƌella et al., ϮϬϭϳ, iŶ pƌepaƌatioŶͿ. We also desĐƌiďe the data sets used. “eĐtioŶ ϯ is deǀoted 119 
to aŶ oǀeƌall assessŵeŶt of the ŵaiŶ ďiases iŶ ŵeaŶ state, ǀaƌiaďilitǇ aŶd eǆtƌeŵes, as ǁell as a 120 
ĐoŵpaƌisoŶ ďetǁeeŶ siŵulated aŶd oďseƌǀed tƌeŶds. IŶ “eĐtioŶ ϰ, aŶ eǆtƌeŵe ǀalue aŶalǇsis is Đaƌƌied 121 
out iŶ oƌdeƌ to iŶǀestigate distƌiďutioŶ tails. “eĐtioŶ ϱ is dediĐated to aŶ aŶalǇsis of a feǁ keǇ pƌoĐesses 122 
dƌiǀiŶg the eǆtƌeŵe eǀeŶts. A fiŶal ĐoŶĐlusioŶ aŶd disĐussioŶ folloǁ ;“eĐtioŶ ϲͿ ǁheƌe teŶtatiǀe 123 
ĐoŶĐlusioŶs foƌ attƌiďutioŶ aƌe giǀeŶ. 124 
Ϯ. SiŵulatioŶs aŶd oďserǀatioŶs 125 
2.1 The HadGEM3-A simulations 126 
The siŵulatioŶs used iŶ this ǁoƌk ǁeƌe geŶeƌated ďǇ the HadleǇ CeŶtƌe eǀeŶt attƌiďutioŶ sǇsteŵ 127 
;Chƌistidis et al., ϮϬϭϯaͿ that has faĐilitated Ŷuŵeƌous studies of diffeƌeŶt tǇpes of high-iŵpaĐt eǆtƌeŵe 128 
eǀeŶts. A tǇpiĐal attƌiďutioŶ studǇ iŶǀolǀes paiƌs of laƌge eŶseŵďle eǆpeƌiŵeŶts ǁith aŶd ǁithout 129 
aŶthƌopogeŶiĐ foƌĐiŶgs, fƌoŵ ǁhiĐh the ĐhaŶgiŶg likelihood of eǆtƌeŵe eǀeŶts uŶdeƌ Đliŵate ĐhaŶge 130 
ĐaŶ ďe deteƌŵiŶed ;“tott et al., ϮϬϭϲͿ. The HadleǇ CeŶtƌe sǇsteŵ is ďuilt oŶ the HadGEMϯ-A ŵodel 131 
that ǁas ƌeĐeŶtlǇ upgƌaded ǁithiŶ the EUƌopeaŶ CLiŵate EǀeŶt IŶteƌpƌetatioŶ aŶd AttƌiďutioŶ 132 
;EUCLEIAͿ pƌojeĐt ;http://euĐleia.eu/Ϳ aŶd Ŷoǁ featuƌes oŶe of the highest ƌesolutioŶ gloďal ŵodels 133 
used iŶ gloďal eǀeŶt attƌiďutioŶ ƌeseaƌĐh. The ŵodel ƌuŶs at NϮϭϲ hoƌizoŶtal ƌesolutioŶ, eƋuiǀaleŶt to 134 
aďout ϲϬ kŵ at ŵid-latitudes, aŶd Đoŵpƌises ϴϱ ǀeƌtiĐal leǀels. The upgƌaded ŵodel also ďeŶefits fƌoŵ 135 
a Ŷeǁ atŵospheƌiĐ sĐieŶĐe paĐkage ǁith aŶ iŵpƌoǀed dǇŶaŵiĐal Đoƌe, ǁhiĐh leads to ďetteƌ ŶuŵeƌiĐal 136 
staďilitǇ ;Williaŵs et al., ϮϬϭϱͿ. 137 
AŶ eŶseŵďle of ϭϱ atŵospheƌiĐ siŵulatioŶs of the histoƌiĐal Đliŵate duƌiŶg the peƌiod ϭϵϲϬ-ϮϬϭϯ ǁas 138 
pƌoduĐed ǁith the Ŷeǁ ŵodel aŶd is the ďasis of the eǀaluatioŶ assessŵeŶts disĐussed iŶ this papeƌ. A 139 
seĐoŶd eŶseŵďle of ŵodel ƌuŶs ǁithout the effeĐt of aŶthƌopogeŶiĐ foƌĐiŶgs ǁas also geŶeƌated aŶd 140 
eŵploǇed iŶ attƌiďutioŶ aŶalǇses ;Chƌistidis et al., ϮϬϭϲ; Buƌke et al., ϮϬϭϲ; WilĐoǆ et al., ϮϬϭϳͿ, ďut is 141 
Ŷot used heƌe. The histoƌiĐal foƌĐiŶgs iŶ the ŵodel siŵulatioŶs iŶĐlude aŶthƌopogeŶiĐ gƌeeŶhouse gas, 142 
aeƌosols, tƌopospheƌiĐ aŶd stƌatospheƌiĐ ozoŶe eŵissioŶs, ĐhaŶgiŶg laŶd use, as ǁell as Ŷatuƌal ĐhaŶges 143 
iŶ the solaƌ output aŶd ǀolĐaŶiĐ aeƌosols ;JoŶes et al., ϮϬϭϭͿ. EŶseŵďle ŵeŵďeƌs aƌe geŶeƌated ďǇ 144 
iŵpleŵeŶtiŶg ƌaŶdoŵ paƌaŵeteƌ peƌtuƌďatioŶs as ǁell as a stoĐhastiĐ kiŶetiĐ eŶeƌgǇ ďaĐksĐatteƌ 145 
sĐheŵe that aĐĐouŶts foƌ eŶeƌgǇ souƌĐes oŶ suď-gƌid sĐales ;Chƌistidis et al., ϮϬϭϯaͿ. MoŶthlǇ 146 
oďseƌǀatioŶs of the sea suƌfaĐe teŵpeƌatuƌe ;““TͿ aŶd sea-iĐe fƌoŵ the HadleǇ CeŶtƌe “ea IĐe aŶd “ea 147 
“uƌfaĐe Teŵpeƌatuƌe ;HadI““TͿ ǀϭ dataset ;RaǇŶeƌ et al., ϮϬϬϯͿ pƌoǀide ďouŶdaƌǇ ĐoŶditioŶs foƌ the 148 
siŵulatioŶs of the histoƌiĐal Đliŵate. BuildiŶg oŶ the ŵulti-deĐadal siŵulatioŶs, aŶ opeƌatioŶal 149 
attƌiďutioŶ sǇsteŵ is ĐuƌƌeŶtlǇ ďeiŶg deǀeloped ďǇ fiƌstlǇ eǆteŶdiŶg the ŵodel ƌuŶs aŶd iŶĐƌeasiŶg the 150 
eŶseŵďle size aŶd theŶ ďǇ ĐoŶtiŶuiŶg to eǆteŶd the siŵulatioŶs oŶ a seasoŶal tiŵesĐale iŶ a siŵilaƌ 151 
fashioŶ to seasoŶal foƌeĐastiŶg sǇsteŵs. 152 
Ϯ.Ϯ OďserǀatioŶs 153 
IŶ this papeƌ ǁe use a Ŷuŵďeƌ of oďseƌǀatioŶal data sets foƌ the ŵodel siŵulatioŶs eǀaluatioŶ. IŶ 154 
geŶeƌal, the NCEP/NCAR ϮϬth CeŶtuƌǇ ƌeaŶalǇsis ϮϬCR ƌe-aŶalǇses of sea leǀel pƌessuƌe haǀe ďeeŶ used 155 
foƌ ĐhaƌaĐteƌiziŶg atŵospheƌiĐ ĐiƌĐulatioŶs. “uƌfaĐe teŵpeƌatuƌes aŶd pƌeĐipitatioŶ aƌe eitheƌ takeŶ 156 
fƌoŵ CRUT“ϯ.Ϯ oƌ fƌoŵ E-OB“ data sets. “peĐifiĐ data sets haǀe ďeeŶ used to studǇ the laŶd-157 
atŵospheƌe iŶteƌaĐtioŶs, desĐƌiďed iŶ Taďle ϭ. 158 
ϯ. Model ĐliŵatologǇ, treŶds aŶd ǀariaďilitǇ 159 
ϯ.ϭ MeaŶ states aŶd treŶds 160 
IŶ this seĐtioŶ ǁe ƌeǀieǁ the ŵaiŶ statistiĐs of the ŵodel Đliŵate aŶd Đoŵpaƌe it to oďseƌǀatioŶs. The 161 
ŵeaŶ state, tiŵe eǀolutioŶ, aŶd iŶteƌaŶŶual ǀaƌiaďilitǇ of ŵetƌiĐs of ŵeaŶ aŶd dailǇ eǆtƌeŵes iŶ the 162 
ϭϱ-ŵeŵďeƌ HadGEMϯ-A NϮϭϲ eŶseŵďle aƌe Đoŵpaƌed to a ǀaƌietǇ of oďseƌǀatioŶal datasets ;pƌiŵaƌilǇ 163 
CRUT“ϯ.Ϯϯ aŶd E-OB“Ϳ foƌ the JuŶe to August ;JJAͿ aŶd DeĐeŵďeƌ to FeďƌuaƌǇ ;DJFͿ seasoŶal ŵeaŶs. 164 
“patial patteƌŶs haǀe ďeeŶ ĐoŶsideƌed oǀeƌ the EuƌopeaŶ doŵaiŶ, aŶd tiŵe seƌies haǀe ďeeŶ 165 
ĐoŶsideƌed oǀeƌ thƌee ƌegioŶs: Euƌope ;ϯϱ–ϳϬ°N, ϭϬ°W–ϰϬ°EͿ; NoƌtheƌŶ Euƌope ;ϱϬ–ϲϬ°N,ϭϬ°W–166 
Ϯϱ°EͿ; aŶd “outheƌŶ Euƌope ;ϯϱ–ϰϱ°N, ϭϬ°W–Ϯϱ°EͿ. Wheƌe ƌegioŶal ŵeaŶs aƌe ĐoŶsideƌed, theǇ oŶlǇ 167 
iŶĐlude ŵodel gƌid Đells ǁith a laŶd fƌaĐtioŶ oǀeƌ ϳϱ%, as oďseƌǀatioŶs aƌe oŶlǇ aǀailaďle oǀeƌ laŶd. 168 
IŶ geŶeƌal, HadGEMϯ-A ƌepƌeseŶts the spatial patteƌŶ of ŵeaŶ Ŷeaƌ-suƌfaĐe teŵpeƌatuƌe ǁell, ďut does 169 
Ŷot ƌepƌoduĐe the ƌegioŶal patteƌŶ of the tƌeŶds. IŶ suŵŵeƌ, the ŵodel uŶdeƌestiŵates ǁaƌŵiŶg iŶ 170 
southeƌŶ Euƌope ;iŶ liŶe ǁith Đoupled ŵodels, ǀaŶ OldeŶďoƌgh et al, ϮϬϬϵ; KiƌtŵaŶ aŶd Poǁeƌ, ϮϬϭϯ, 171 
Boǆ ϭϭ.ϮͿ, aŶd oǀeƌestiŵates it iŶ ŶoƌtheƌŶ aŶd easteƌŶ Euƌope ;Figuƌe ϭa-ď,e-fͿ. “uĐh tƌeŶd 172 
disĐƌepaŶĐies aƌe Ŷot due to atŵospheƌiĐ iŶteƌŶal loŶg-teƌŵ ǀaƌiaďilitǇ as theǇ aƌe fouŶd iŶ ŵost 173 
ŵeŵďeƌs ;Figuƌe ϭfͿ. Hoǁeǀeƌ, ǁheŶ aǀeƌagiŶg oǀeƌ Euƌope, the ŵodel tƌeŶd of Ϭ.ϯϲ±Ϭ.ϬϱK/deĐade is 174 
Đoŵpatiďle ǁith the liŶeaƌ tƌeŶds fƌoŵ CRUT“ϯ.Ϯϰ ;Ϭ.ϯϯ±Ϭ.Ϭϴ/deĐadeͿ, E-OB“ ǀϭϰ.Ϭ 175 
;Ϭ.ϯϱ±Ϭ.ϬϴK/deĐadeͿ, aŶd CRUTEMϰ.ϱ ;Ϭ.ϯϮ±Ϭ.Ϭϴ/deĐadeͿ. IŶ the aďoǀe Ŷuŵďeƌs, the ϵϱ% ĐoŶfideŶĐe 176 
iŶteƌǀal is pƌoǀided. The histogƌaŵ of the ƌaŶk of the oďseƌǀatioŶs iŶ the eŶseŵďle also shoǁs aŶ 177 
oǀeƌall ƌeliaďilitǇ of siŵulated teŵpeƌatuƌes at the ĐoŶtiŶeŶtal sĐale ;Figuƌe ϭi, see ǀaŶ OldeŶďoƌgh et 178 
al., ϮϬϭϯ foƌ the ƌeliaďilitǇ ƌaŶk histogƌaŵs ĐalĐulatioŶsͿ. WheŶ aǀeƌaged oǀeƌ NoƌtheƌŶ Euƌope, the 179 
ŵodel slightlǇ oǀeƌestiŵates the positiǀe tƌeŶd iŶ Ŷeaƌ-suƌfaĐe teŵpeƌatuƌe ;Ϭ.ϯϲ±Ϭ.ϬϱK/deĐade 180 
Đoŵpaƌed to Ϭ.Ϯϴ-Ϭ.ϯϭK/deĐade iŶ oďseƌǀatioŶsͿ, aŶd uŶdeƌestiŵates the positiǀe tƌeŶd ǁheŶ 181 
aǀeƌaged oǀeƌ “outheƌŶ Euƌope ;Ϭ.ϯϲ±Ϭ.ϬϲK/deĐade Đoŵpaƌed to Ϭ.ϰϭ-Ϭ.ϰϰK/deĐade iŶ oďseƌǀatioŶsͿ. 182 
“iŵilaƌ fiŶdiŶgs aƌe oďtaiŶed foƌ the tƌeŶds iŶ dailǇ ŵiŶiŵal aŶd ŵaǆiŵal teŵpeƌatuƌes ;TŵiŶ aŶd TŵaǆͿ, 183 
ǇeaƌlǇ ŵaǆiŵuŵ of dailǇ ŵaǆiŵa aŶd ŵiŶiŵa ;TXǆ aŶd TNǆͿ ;Ŷot shoǁŶͿ. Least sƋuaƌes liŶeaƌ tƌeŶds, 184 
as ĐalĐulated aďoǀe, ǁeƌe takeŶ foƌ the peƌiod ϭϵϲϬ-ϮϬϭϯ, aŶd should ďe iŶteƌpƌeted ǁith a degƌee of 185 
ĐautioŶ, due to the ŶoŶliŶeaƌ Ŷatuƌe of the tiŵe seƌies eǀolutioŶ ;see also Figuƌe ϯͿ. 186 
HadGEMϯ-A also ƌepƌeseŶts the spatial patteƌŶ of ŵeaŶ suŵŵeƌ pƌeĐipitatioŶ, aŶd tƌeŶd patteƌŶs 187 
ŵatĐh the oďseƌǀed dipole, ǁith soŵe disĐƌepaŶĐies ;Figuƌe ϭĐ-d,g-hͿ, aŶd a geŶeƌal uŶdeƌestiŵatioŶ 188 
of pƌeĐipitatioŶ tƌeŶd iŶ the eŶseŵďle ŵeŵďeƌs ;Figuƌe ϭhͿ. Positiǀe pƌeĐipitatioŶ tƌeŶds oǀeƌ 189 
“ĐaŶdiŶaǀia aŶd Ŷegatiǀe tƌeŶds oǀeƌ FƌaŶĐe aŶd EasteƌŶ Euƌope aƌe fouŶd. Hoǁeǀeƌ, the ŵodel fails 190 
to Đaptuƌe the oďseƌǀed iŶĐƌease iŶ pƌeĐipitatioŶ oǀeƌ the UK aŶd dƌǇiŶg oǀeƌ “paiŶ, aŶd does Ŷot 191 
siŵulate dƌǇiŶg oǀeƌ the full loŶgitudiŶal eǆteŶt of the Alps, as is seeŶ iŶ oďseƌǀatioŶs. The iŵďalaŶĐe 192 
toǁaƌd sǇsteŵatiĐ tƌeŶd uŶdeƌestiŵatioŶ is also shoǁŶ iŶ the ƌaŶk histogƌaŵs ǁheŶ ĐoŶsideƌiŶg the 193 
ǁhole ĐoŶtiŶeŶt ;Fig. ϭjͿ. The siŵulated tƌeŶd oǀeƌ southeƌŶ Euƌope is -Ϭ.ϬϮϯ±Ϭ.ϬϮϭŵŵ/daǇ/deĐade, 194 
ǁhile it is -Ϭ.ϬϰϮ aŶd -Ϭ.Ϭϯϰŵŵ/daǇ/deĐade iŶ EOB“ ǀϭϰ aŶd CRUT“ϯ.Ϯϯ ƌespeĐtiǀelǇ. IŶ NoƌtheƌŶ 195 
Euƌope, tƌeŶds aƌe fouŶd iŶ oďseƌǀatioŶs ;Ϭ.ϬϱϮ aŶd Ϭ.Ϭϰϲ ŵŵ/daǇ/deĐadeͿ hoǁeǀeƌ theǇ aƌe Ŷot 196 
sigŶifiĐaŶt. HadGEMϯ-A also shoǁs Ŷo sigŶifiĐaŶt tƌeŶd heƌe ;see also ǀaŶ HaƌeŶ et al., ϮϬϭϯͿ. 197 
IŶ the ǁiŶteƌ seasoŶ ;Figuƌe ϮͿ, ŵeaŶ states aƌe agaiŶ ǁell siŵulated, ďut ƌegioŶal tƌeŶd patteƌŶs aƌe 198 
Ŷot ǁell ƌepƌoduĐed eitheƌ. Oǀeƌ “ĐaŶdiŶaǀia, the patteƌŶ of the Ŷeaƌ-suƌfaĐe teŵpeƌatuƌe ŵeaŶ state 199 
is also ǁell-ƌepƌeseŶted ďǇ the ŵodel, ďut the ŵodel is too Đold ;Figuƌe Ϯa-ďͿ. Oďseƌǀed teŵpeƌatuƌe 200 
tƌeŶds shoǁ sigŶifiĐaŶt ǁaƌŵiŶg oǀeƌ ŵost of Euƌope at the ϱ% oƌ ϭϬ% leǀel, ǁith the gƌeatest ǁaƌŵiŶg 201 
oǀeƌ “ĐaŶdiŶaǀia aŶd the BaltiĐs, ďut HadGEMϯ-A geŶeƌallǇ uŶdeƌestiŵates the ŵagŶitude aŶd 202 
sigŶifiĐaŶĐe of the tƌeŶds ;Fig. Ϯe-fͿ. Hoǁeǀeƌ these tƌeŶds disĐƌepaŶĐies ĐaŶ ďe due to loŶg-teƌŵ 203 
atŵospheƌiĐ ǀaƌiaďilitǇ, as seeŶ fƌoŵ Fig.Ϯf aŶd the ƌaŶk histogƌaŵ of Figuƌe Ϯi, aŶd Ŷo ŵajoƌ 204 
iŶĐoŵpatiďilitǇ ǁith the oďseƌǀatioŶ is fouŶd. HadGEMϯ-A siŵulates the patteƌŶ of the ŵeaŶ states 205 
aŶd iŶteƌaŶŶual ǀaƌiaďilitǇ iŶ TŵiŶ, Tŵaǆ, TNǆ, aŶd TXǆ ǁell, ďut it does Ŷot ƌepƌoduĐe the oďseƌǀed 206 
tƌeŶds ;Ŷot shoǁŶͿ. 207 
The patteƌŶ of the ǁiŶteƌtiŵe pƌeĐipitatioŶ ŵeaŶ state is stƌoŶglǇ tied to oƌogƌaphǇ iŶ ďoth the ŵodel 208 
aŶd oďseƌǀatioŶs. Hoǁeǀeƌ, the ŵodel oǀeƌestiŵates pƌeĐipitatioŶ oǀeƌ the PǇƌeŶees, Massif CeŶtƌal, 209 
Alps, aŶd GƌeeĐe, aŶd uŶdeƌestiŵates it oǀeƌ the UK aŶd IƌelaŶd ;Figuƌe ϮĐ-dͿ. Oďseƌǀed tƌeŶds iŶ 210 
pƌeĐipitatioŶ haǀe a stƌoŶg dipole patteƌŶ, ǁith dƌǇiŶg iŶ southeƌŶ Euƌope, aŶd iŶĐƌeasiŶg pƌeĐipitatioŶ 211 
iŶ the Ŷoƌth ƌeseŵďliŶg tƌeŶds assoĐiated ǁith a teŶdeŶĐǇ toǁaƌds positiǀe NAO ;see Deseƌ et al., 212 
ϮϬϭϲͿ. Theƌe is a hiŶt of this patteƌŶ iŶ the eŶseŵďle ŵeaŶ ŵodel tƌeŶd, ďut the ŵagŶitude is ŵuĐh 213 
ǁeakeƌ thaŶ oďseƌǀed ;Figuƌe ϯͿ, aŶd the eŶseŵďle fails to Đaptuƌe the ŵaiŶ ĐoŶtƌasts ;Figuƌe Ϯh aŶd 214 
ϮjͿ. PatteƌŶs iŶ the ŵeaŶ state aŶd iŶteƌaŶŶual ǀaƌiaďilitǇ iŶ eǆtƌeŵe pƌeĐipitatioŶ ǀalues aƌe ǁell 215 
ƌepƌeseŶted iŶ HadGEMϯ-A. TƌeŶds iŶ these ƋuaŶtities aƌe ŶoisǇ iŶ ďoth the ŵodel output aŶd 216 
oďseƌǀatioŶs ;Ŷot shoǁŶͿ. 217 
ϯ.Ϯ VariaďilitǇ 218 
IŶ geŶeƌal the iŶteƌaŶŶual ǀaƌiaďilitǇ is ƌeasoŶaďlǇ ǁell siŵulated, as seeŶ iŶ Figuƌe ϯ fƌoŵ tiŵe seƌies 219 
of iŶdiǀidual ŵeŵďeƌs aŶd supeƌiŵposed oďseƌǀatioŶs. The ŵodel oǀeƌestiŵates ǀaƌiaďilitǇ iŶ 220 
seasoŶal ŵeaŶ dailǇ ŵeaŶ aŶd ŵaǆiŵal teŵpeƌatuƌes ;Figuƌe ϯͿ, foƌ EuƌopeaŶ aǀeƌage, ďut siŵulates 221 
the ǀaƌiaďilitǇ iŶ dailǇ ŵiŶiŵal teŵpeƌatuƌes faiƌlǇ ǁell ;Ŷot shoǁŶͿ. The oǀeƌestiŵatioŶ iŶ dailǇ 222 
ŵaǆiŵa is ŵoƌe ŵaƌked iŶ NoƌtheƌŶ Euƌope thaŶ iŶ “outheƌŶ Euƌope. 223 
IŶ ǁiŶteƌ, HadGEMϯ-A ƌepƌoduĐes the iŶteƌ-aŶŶual staŶdaƌd deǀiatioŶ of Ŷeaƌ-suƌfaĐe teŵpeƌatuƌe 224 
oǀeƌ Euƌope as a ǁhole, ďut shoǁs a laƌgeƌ staŶdaƌd deǀiatioŶ iŶ “outheƌŶ Euƌope ;Figuƌe ϯͿ, aŶd 225 
appeaƌs to uŶdeƌestiŵate it iŶ NoƌtheƌŶ Euƌope. IŶteƌaŶŶual ǀaƌiaďilitǇ iŶ Tŵaǆ aŶd TŵiŶ is ǁell 226 
ƌepƌeseŶted ďǇ HadGEMϯ-A iŶ Euƌope, despite uŶdeƌestiŵates iŶ the Ŷoƌth, as foƌ Ŷeaƌ-suƌfaĐe 227 
teŵpeƌatuƌe. IŶ southeƌŶ Euƌope, the ŵodel oǀeƌestiŵates ǀaƌiaďilitǇ iŶ Tŵaǆ ;Ŷot shoǁŶͿ, ďut 228 
uŶdeƌestiŵates it iŶ TŵiŶ ;Fig. ϯͿ. VaƌiaďilitǇ iŶ TNǆ aŶd TXǆ is uŶdeƌestiŵated iŶ all ƌegioŶs ;Ŷot shoǁŶ; 229 
see also “eĐtioŶ ϰͿ. VaƌiaďilitǇ iŶ seasoŶal pƌeĐipitatioŶ aŵouŶt, as ǁell as iŶ heaǀǇ pƌeĐipitatioŶs ;oǀeƌ 230 
ϭϬ ŵŵ oƌ ϮϬ ŵŵ peƌ daǇͿ is ǁell ƌepƌeseŶted ďǇ HadGEMϯ-A iŶ geŶeƌal iŶ ďoth seasoŶs ;Ŷot shoǁŶͿ. 231 
Hoǁeǀeƌ, it should ďe kept iŶ ŵiŶd that the ŵodel ƌesolutioŶ does Ŷot alloǁ a pƌopeƌ ƌepƌeseŶtatioŶ 232 
of ĐoŶǀeĐtiǀe pƌeĐipitatioŶ eǀeŶts.  233 
ϯ.ϯ IŶ suŵŵarǇ 234 
HadGEMϯ-A geŶeƌallǇ shoǁs ƌeasoŶaďle peƌfoƌŵaŶĐe iŶ ƌepƌoduĐiŶg the oďseƌǀed ŵeaŶ-state, 235 
ǀaƌiaďilitǇ, aŶd tƌeŶds iŶ dailǇ ŵeaŶs aŶd eǆtƌeŵes ǁheŶ ĐoŶsideƌiŶg Euƌope as a ǁhole. Hoǁeǀeƌ 236 
oďseƌǀed ƌegioŶal patteƌŶs of tƌeŶds aƌe Ŷot alǁaǇs ǁell ƌepƌoduĐed. Foƌ iŶstaŶĐe, the ŵodel fails to 237 
ƌepƌoduĐe the oďseƌǀed JJA aŶd DJF dƌǇiŶg iŶ southeƌŶ Euƌope. IŶ JJA, the ŵodel also loĐates the 238 
ŵaǆiŵuŵ iŶ Ŷeaƌ-suƌfaĐe teŵpeƌatuƌe tƌeŶds too faƌ east, so that the aŵplitude of ǁaƌŵiŶg oǀeƌ 239 
southeƌŶ Euƌope is uŶdeƌestiŵated. IŶ ǁiŶteƌ, teŵpeƌatuƌe ǀaƌiaďilitǇ is high ŵakiŶg tƌeŶds fƌoŵ 240 
siŵulatioŶs aŶd oďseƌǀatioŶs alŵost Đoŵpatiďle despite a geŶeƌal teŶdeŶĐǇ foƌ the ŵodel to 241 
uŶdeƌestiŵate ǁaƌŵiŶg. The ŵodel eŶseŵďle fails to ƌepƌoduĐe positiǀe tƌeŶds iŶ teŵpeƌatuƌe 242 
eǆtƌeŵes ;TŵiŶ, Tŵaǆ, TNǆ, aŶd TXǆͿ thƌoughout Euƌope, aŶd also uŶdeƌestiŵates iŶteƌaŶŶual ǀaƌiaďilitǇ 243 
iŶ TNǆ aŶd TXǆ iŶ ǁiŶteƌ. The aŵplitude of the dipole iŶ pƌeĐipitatioŶ tƌeŶds iŶ DJF is suďstaŶtiallǇ 244 
uŶdeƌestiŵated ďǇ HadGEMϯ-A iŶ DJF, aŶd to a lesseƌ eǆteŶt iŶ JJA. 245 
The ĐoƌƌeĐt siŵulatioŶ of tƌeŶds iŶ suŵŵeƌ iŵplies that theiƌ attƌiďutioŶ should Ŷot ďe hiŶdeƌed ďǇ 246 
ŵodel’s ĐliŵatologiĐal ďiases iŶ this seasoŶ. Foƌ teŵpeƌatuƌe this ŵeaŶs a ƌealistiĐ ŵeaŶ ƌespoŶse to 247 
eǆteƌŶal foƌĐiŶg aŶd a poteŶtial foƌ attƌiďutiŶg teŵpeƌatuƌe-ƌelated eǀeŶts. The diffeƌeŶĐes iŶ ƌegioŶal 248 
patteƌŶs of tƌeŶds aƌe paƌtlǇ due to the ƌelatiǀelǇ shoƌt leŶgth of oďseƌǀatioŶal data sets ĐoŵďiŶed ǁith 249 
a ĐhaotiĐ atŵospheƌe aŶd ǁeak ““T depeŶdeŶĐe. It is also pƌoďaďlǇ due to uŶĐeƌtaiŶties iŶ uŶdeƌlǇiŶg 250 
pƌoĐesses ;see “eĐtioŶ ϱͿ. IŶ ǁiŶteƌ the too ǁeak ǁaƌŵiŶg tƌeŶd ŵaǇ poteŶtiallǇ lead to 251 
uŶdeƌestiŵatioŶ of likelihood ƌeduĐtioŶ iŶ ǁiŶteƌ Đold spells. Hoǁeǀeƌ, this disĐƌepaŶĐǇ ŵaǇ also ƌesult 252 
fƌoŵ the laƌge iŶteƌaŶŶual aŶd ǀaƌiaďilitǇ iŶ ǁiŶteƌ teŵpeƌatuƌes. “oŵe of the ϭϱ ŵeŵďeƌs do shoǁ 253 
tƌeŶds as oďseƌǀed iŶ dailǇ ŵeaŶ ǁiŶteƌ teŵpeƌatuƌes. 254 
ϰ. Eǆtreŵe ǀalue aŶalǇsis 255 
A speĐifiĐ foĐus is giǀeŶ Ŷoǁ oŶ eǆtƌeŵes of teŵpeƌatuƌe aŶd pƌeĐipitatioŶ. The eǀaluatioŶ of the 256 
ŵodel’s ƌepƌeseŶtatioŶ of eǆtƌeŵes ǁas uŶdeƌtakeŶ usiŶg eǆtƌeŵe ǀalue aŶalǇsis, ďased oŶ aŶŶual 257 
ŵaǆiŵa of the histoƌiĐal ƌuŶs iŶ pƌeĐipitatioŶ ;ƌǆϭdaǇͿ aŶd ŵaǆiŵuŵ ;TXǆͿ aŶd ŵiŶiŵuŵ dailǇ 258 
teŵpeƌatuƌe ;TNŶͿ disĐussed aďoǀe. These ǁeƌe fitted to a statioŶaƌǇ geŶeƌalized eǆtƌeŵe ǀalue ;GEVͿ 259 
distƌiďutioŶ ;Coles, ϮϬϬϭͿ. The thƌee paƌaŵeteƌs of the GEV distƌiďutioŶ, ŶaŵelǇ the loĐatioŶ 260 
paƌaŵeteƌ μ ;ƌepƌeseŶtiŶg the ŵeaŶ ǀaluesͿ, sĐale paƌaŵeteƌ σ ;ƌepƌeseŶtiŶg the tǇpiĐal ƌaŶge of 261 
ǀaluesͿ aŶd shape paƌaŵeteƌ ξ ;desĐƌiďiŶg ǁhetheƌ the distƌiďutioŶ is heaǀǇ tailed oƌ ŶotͿ, ǁeƌe 262 
eǀaluated aloŶgside distƌiďutioŶs fitted to the saŵe eǆtƌeŵes fƌoŵ E-OB“. NoŶ-paƌaŵetƌiĐ 263 
ďootstƌappiŶg ;ϭϬϬϬ ƌepliĐatioŶsͿ ǁas used to estiŵate the uŶĐeƌtaiŶtǇ ŵaƌgiŶs. CoŵpaƌisoŶs aƌe 264 
ŵade usiŶg the Ϭ.ϱº ƌegulaƌ gƌid E-OB“ pƌoduĐt, ǁhiĐh ƌepƌeseŶts the ƌesolutioŶ Đlosest to that of the 265 
ŵodel. 266 
Foƌ eǆtƌeŵe ŵaǆiŵuŵ dailǇ teŵpeƌatuƌe ;TXǆͿ, the loĐatioŶ paƌaŵeteƌ is sigŶifiĐaŶtlǇ uŶdeƌ-estiŵated 267 
iŶ NoƌtheƌŶ Euƌope aŶd oǀeƌ-estiŵated iŶ ŵuĐh of “outheƌŶ aŶd EasteƌŶ Euƌope. As illustƌated iŶ 268 
Figuƌe ϰ, the ŵodel eǆhiďits ǁaƌŵ ďiases iŶ hot eǀeŶts aĐƌoss CeŶtƌal, EasteƌŶ aŶd, to a lesseƌ eǆteŶt, 269 
“outheƌŶ Euƌope, eǆplaiŶiŶg the ďias iŶ the loĐatioŶ paƌaŵeteƌ. The sĐale paƌaŵeteƌ is oǀeƌestiŵated 270 
soŵeǁhat aĐƌoss ŵost of the ĐoŶtiŶeŶt, ďut uŶdeƌestiŵated iŶ BƌitaiŶ, aŶd the shape paƌaŵeteƌ is 271 
oǀeƌestiŵated soŵeǁhat oǀeƌ ŵost of NoƌtheƌŶ Euƌope, iŶdiĐatiŶg too heaǀǇ tail poteŶtiallǇ ƌelated 272 
to uŶƌealistiĐallǇ high dƌǇiŶg iŶ suŵŵeƌ iŶ this ŵodel ;see “eĐtioŶ ϱͿ. 273 
Foƌ eǆtƌeŵe ŵiŶiŵuŵ dailǇ teŵpeƌatuƌe ;TNŶͿ, ƌegioŶs of Đoŵpleǆ topogƌaphǇ ;iŶĐludiŶg the Alps aŶd 274 
the ǁesteƌŶ ĐoastliŶe of “ĐaŶdiŶaǀiaͿ aƌe ĐhaƌaĐteƌized ďǇ a Đleaƌ uŶdeƌ-estiŵatioŶ of the loĐatioŶ 275 
paƌaŵeteƌ. The Đold ďias to the south of the Alps is also appaƌeŶt iŶ the aŶalǇsis of Đold eǀeŶts iŶ Figuƌe 276 
ϰ, ǁith siŵilaƌ spatial featuƌes eǀideŶt iŶ ŵultiple eŶseŵďle ŵeŵďeƌs. The sĐale paƌaŵeteƌ is 277 
ƌeasoŶaďlǇ ǁell ƌepƌeseŶted, ďut the shape paƌaŵeteƌ is ŵuĐh too laƌge iŶ EasteƌŶ Euƌope, ǁheƌe the 278 
ŵodel siŵulates too eǆtƌeŵe ǀeƌǇ Đold eǀeŶts. BǇ ĐoŶtƌast, the shape paƌaŵeteƌ is too sŵall iŶ ŵuĐh 279 
of WesteƌŶ Euƌope. 280 
Foƌ eǆtƌeŵe pƌeĐipitatioŶ the ďƌoad Đoastal aŶd topogƌaphiĐal pƌeĐipitatioŶ featuƌes aƌe ǁell-281 
ƌepƌoduĐed ďǇ the ŵodel, ďut ďoth the loĐatioŶ aŶd sĐale paƌaŵeteƌs aƌe ĐoŶsisteŶtlǇ laƌgeƌ thaŶ those 282 
of oďseƌǀed eǆtƌeŵes ;Figuƌe ϱͿ: the ŵodel geŶeƌates too ŵuĐh ƌaiŶ iŶ eǆtƌeŵes ǁith too ŵuĐh 283 
ǀaƌiaďilitǇ. This is paƌtiĐulaƌlǇ the Đase iŶ MediteƌƌaŶeaŶ Đoastal ƌegioŶs aŶd iŵŵediatelǇ south of the 284 
Alps. This is the opposite of ǁhat oŶe ǁould iŶtuitiǀelǇ eǆpeĐt: giǀeŶ the ŵodel’s Đoaƌse ƌesolutioŶ, 285 
eǆtƌeŵes iŶ the siŵulated pƌeĐipitatioŶ field should tǇpiĐallǇ ďe sŵalleƌ iŶ ŵagŶitude thaŶ those 286 
eǀeŶts oĐĐupǇiŶg the saŵe poiŶt of likelihood iŶ the oďseƌǀed distƌiďutioŶ. 287 
ϱ. ProĐess aŶalǇsis 288 
 289 
The aďilitǇ of a ŵodel to siŵulate phǇsiĐal aŶd dǇŶaŵiĐal pƌoĐesses leadiŶg to eǆtƌeŵes is keǇ foƌ its 290 
ĐapaĐitǇ to siŵulate theiƌ ĐhaŶges uŶdeƌ huŵaŶ aĐtiǀities iŶflueŶĐe. Eǆtƌeŵe eǀeŶts geŶeƌallǇ ƌesult 291 
fƌoŵ aŶ eŶseŵďle of pƌoĐesses iŶǀolǀiŶg atŵospheƌiĐ dǇŶaŵiĐs, laƌge-sĐale dƌiǀeƌs, as ǁell as ƌegioŶal 292 
to loĐal-sĐale pƌoĐesses ǁhiĐh iŶteƌaĐt ǁith oŶe aŶotheƌ. Heƌe, ǁe eǀaluate ǁhetheƌ the ŵodel 293 
Đaptuƌes the ŵost iŵpoƌtaŶt pƌoĐesses leadiŶg to eǆtƌeŵe eǀeŶts. Foƌ the fiǀe tǇpes of eǀeŶts uŶdeƌ 294 
studǇ ;heat aŶd Đold ǁaǀes, heaǀǇ pƌeĐipitatioŶ eǀeŶts, dƌought aŶd stoƌŵ suƌgesͿ ǁe eǆaŵiŶe iŶ 295 
paƌtiĐulaƌ the ƌole of laƌge-sĐale ĐiƌĐulatioŶ aŶd a feǁ keǇ ƌegioŶal-to-loĐal sĐale pƌoĐesses, suĐh as 296 
iŶteƌaĐtioŶ ǁith laŶd suƌfaĐe. 297 
IŶ geŶeƌal, eǆtƌeŵe ǁeatheƌ eǀeŶts oĐĐuƌ uŶdeƌ speĐifiĐ tǇpes of ǁeatheƌ patteƌŶs: heat ǁaǀes, 298 
dƌoughts aŶd Đold spells ƌelate to loŶg peƌsistiŶg aŶtiĐǇĐloŶes sittiŶg oǀeƌ a laƌge aƌea. IŶ Euƌope, heaǀǇ 299 
pƌeĐipitatioŶ is assoĐiated eitheƌ ǁith suŵŵeƌ ĐoŶǀeĐtiǀe episodes ĐoŵiŶg afteƌ a loŶg ǁaƌŵ peƌiod 300 
ǁith the aƌƌiǀal of fƌoŶtal sǇsteŵs ǁith Đold aiƌ aloft destaďiliziŶg the tƌopospheƌe, oƌ iŶ loŶg-lastiŶg 301 
ǁiŶteƌtiŵe ĐǇĐloŶiĐ episodes ďƌiŶgiŶg iŶ ƌeĐuƌƌiŶg stoƌŵs. IŶ eaĐh Đase tǇpiĐal atŵospheƌiĐ ĐiƌĐulatioŶ 302 
patteƌŶs aƌe fouŶd. TheŶ, eǆtƌeŵe eǀeŶts also ƌesult fƌoŵ aŵplifǇiŶg pƌoĐesses, ǁhiĐh ŵaǇ doŵiŶate 303 
iŶ soŵe Đases, suĐh as laŶd-atŵospheƌe iŶteƌaĐtioŶs iŶ paƌtiĐulaƌ iŶ the Đase of heat ǁaǀes aŶd 304 
dƌoughts ;“eŶeǀiƌatŶe et al. ϮϬϭϬͿ, aŶd also Đold spells thƌough the effeĐt of sŶoǁ Đoǀeƌ ;OƌsoliŶi et al. 305 
ϮϬϭϯͿ. “tƌatospheƌe-tƌopospheƌe iŶteƌaĐtioŶs haǀe also ďeeŶ shoǁŶ to ďe iŵpoƌtaŶt iŶ the ďuild-up of 306 
Đold spells ;BaldǁiŶ aŶd DuŶkeƌtoŶ, ϭϵϵϵͿ. Heƌe ǁe eǀaluate these pƌoĐesses iŶ HadGEMϯ-A 307 
siŵulatioŶs. 308 
 309 
ϱ.ϭ. AtŵospheriĐ ǁeather patterŶs 310 
 311 
OŶe ǁaǇ to eǀaluate ǁhetheƌ the ŵodel ĐoƌƌeĐtlǇ siŵulates the atŵospheƌiĐ ĐiƌĐulatioŶ ǀaƌiaďilitǇ is 312 
thƌough the aŶalǇsis of ǁeather regiŵes. Weatheƌ ƌegiŵes aƌe usuallǇ defiŶed as laƌge tǇpiĐal Đlusteƌs 313 
of atŵospheƌiĐ floǁs that aƌe oďseƌǀed. The ĐoŶĐept of ǁeatheƌ ƌegiŵes is ďased oŶ dǇŶaŵiĐal sǇsteŵs 314 
theoƌǇ aŶalǇsis of atŵospheƌiĐ ǀaƌiaďilitǇ: ĐeƌtaiŶ phase-spaĐe aƌeas ŵaǇ iŶĐlude sloǁ-doǁŶ of 315 
tƌajeĐtoƌies, due to the ǀiĐiŶitǇ of statioŶaƌǇ solutioŶs ;Legƌas aŶd Ghil, ϭϵϴϱͿ, oƌ Ƌuasi-statioŶaƌǇ 316 
solutioŶs ;Vautaƌd aŶd Legƌas ϭϵϴϴͿ. “iŶĐe theŶ, a Ŷuŵďeƌ of studies ;e.g. MiĐhelaŶgeli et al., ϭϵϵϱ; 317 
Cassou et al. ϮϬϬϱͿ haǀe ĐhaƌaĐteƌized ǁeatheƌ ƌegiŵes usiŶg Đlusteƌ aŶalǇsis. Oǀeƌ the Noƌth-East 318 
AtlaŶtiĐ aŶd Euƌope, suĐh aŶ aŶalǇsis usuallǇ fiŶds fouƌ staďle Đlusteƌs fƌoŵ oďseƌǀatioŶs oƌ ƌeaŶalǇsis 319 
of sea-leǀel pƌessuƌe oƌ geopoteŶtial height.  320 
Heƌe, ǁe Đoŵpaƌe Đlusteƌs oďtaiŶed ďǇ a k-ŵeaŶs algoƌithŵ applied to the NCEP/NCAR ƌeaŶalǇsis aŶd 321 
the HadGEMϯ-A siŵulatioŶs Đaƌƌied out oǀeƌ the saŵe peƌiod ;ϭϵϲϬ-ϮϬϭϯͿ. The saŵe Noƌth-AtlaŶtiĐ 322 
doŵaiŶ is used ďoth foƌ ŵodel aŶd oďseƌǀatioŶs [-ϴϬ°W-ϱϬ°E, ϮϮ.ϱ°N-ϳϬ°N]. A sepaƌate aŶalǇsis is 323 
doŶe foƌ ǁiŶteƌ ;DJFͿ aŶd suŵŵeƌ ;JJAͿ seasoŶs usiŶg sea-leǀel pƌessuƌe fields.  324 
The ĐeŶtƌoids of the oďtaiŶed Đlusteƌs foƌ the NCEP/NCAR ƌeaŶalǇsis aŶd the HadGEMϯ-A ŵodel ϭϱ 325 
ŵeŵďeƌ eŶseŵďle, aƌe shoǁŶ foƌ ǁiŶteƌ iŶ Figuƌe ϲa-h aŶd foƌ suŵŵeƌ iŶ figuƌe ϲi-p. The HadGEMϯ-326 
A ŵodel ǁeatheƌ ƌegiŵes ĐeŶtƌoids aƌe Ƌuite siŵilaƌ to the oďseƌǀed oŶes ǁith slight shifts. Foƌ 327 
iŶstaŶĐe, the ͞ ďloĐkiŶg͟ ;BLOͿ ƌegiŵe is ǁell ƌepƌeseŶted iŶ ǁiŶteƌ aŶd suŵŵeƌ ďut the ͞ AtlaŶtiĐ ƌidge͟ 328 
;ARͿ ƌegiŵe has diffeƌeŶĐes that ĐaŶ ďe seeŶ ŵaiŶlǇ iŶ ǁiŶteƌ. Hoǁeǀeƌ, this should Ŷot ďe a ŵajoƌ 329 
issue foƌ EuƌopeaŶ eǆtƌeŵes of teŵpeƌatuƌe aŶd ƌaiŶ as this latteƌ ƌegiŵe is geŶeƌallǇ Ŷot assoĐiated 330 
ǁith eǆtƌeŵes. Cold spells aƌe usuallǇ ĐhaƌaĐteƌized iŶ ǁiŶteƌ ďǇ eitheƌ the Ŷegatiǀe Noƌth AtlaŶtiĐ 331 
osĐillatioŶ ;NAO-Ϳ ƌegiŵe, as ǁas the Đase foƌ the ǁiŶteƌ of ϮϬϬϵ-ϮϬϭϬ ;Cattiauǆ et al., ϮϬϭϬͿ, oƌ ďǇ the 332 
BLO ƌegiŵe. Mild ǁiŶteƌs ǁith peƌsisteŶt ƌaiŶfalls oǀeƌ WesteƌŶ Euƌope aƌe ĐhaƌaĐteƌized ďǇ the ͞)oŶal 333 
floǁ͟ ;)OͿ ƌegiŵe as shoǁŶ ďǇ “Đhalleƌ et al. ;ϮϬϭϲͿ. 334 
AŶotheƌ iŵpoƌtaŶt aspeĐt foƌ eǆtƌeŵes is the fƌeƋueŶĐǇ of oĐĐuƌƌeŶĐe of ƌegiŵes. OŶe eǆpeĐts that to 335 
ĐoƌƌeĐtlǇ siŵulate the statistiĐs of eǆtƌeŵe eǀeŶts, a ŵodel ŵust siŵulate ĐoƌƌeĐt fƌeƋueŶĐies iŶ the 336 
ǁeatheƌ ƌegiŵes. IŶ oƌdeƌ to Đoŵpaƌe siŵilaƌ Đlusteƌs statistiĐs, ǁe used the NCEP/NCAR Đlusteƌ 337 
ĐeŶtƌoids “LP aŶoŵalies as ƌefeƌeŶĐe aŶd ĐouŶted the Ŷuŵďeƌ of “LP fields foƌ ǁhiĐh eaĐh ĐeŶtƌoid is 338 
Ŷeaƌest, ďoth foƌ NCEP/NCAR aŶd HadGEMϯ-A fields foƌ a ďest ĐoŵpaƌisoŶ. HadGEMϯ-A ǁeatheƌ 339 
ƌegiŵe fƌeƋueŶĐies aƌe ǁell ƌepƌeseŶted ǁith ƌespeĐt to oŶes iŶ NCEP/NCAR. BLO aŶd NAO- ƌegiŵes 340 
aƌe ǁell ƌepƌeseŶted iŶ ďoth seasoŶs ǁhile )O ;ǁiŶteƌͿ aŶd AL ;suŵŵeƌͿ haǀe slight diffeƌeŶĐes to 341 
NCEP/NCAR ;loǁeƌ aŶd higheƌ fƌeƋueŶĐies of oĐĐuƌƌeŶĐe ƌespeĐtiǀelǇͿ. 342 
Taďle Ϯ shoǁs the fƌeƋueŶĐies of Ŷeaƌest Ŷeighďoƌs ĐalĐulated iŶ this ǁaǇ. It is Ƌuite ƌeŵaƌkaďle hoǁ 343 
ǁell the fƌeƋueŶĐies ŵatĐh ďetǁeeŶ oďseƌǀatioŶs aŶd the ŵodel. We ĐoŶĐlude that the HadGEMϯ-A 344 
ŵodel siŵulates Ƌuite ǁell the ŵaiŶ ǁeatheƌ patteƌŶs of the Noƌth East AtlaŶtiĐ ǁith ŵeaŶ fƌeƋueŶĐies 345 
that ƌepƌoduĐe faithfullǇ the oďseƌǀatioŶs. 346 
ϱ.Ϯ. AtŵospheriĐ ĐirĐulatioŶs assoĐiated ǁith hot aŶd Đold eǀeŶts 347 
 348 
The pƌeǀious aŶalǇsis ǁas ŵade foƌ ǁeatheƌ patteƌŶs iŶdepeŶdeŶtlǇ of eǆtƌeŵe eǀeŶts. We Ŷoǁ tuƌŶ 349 
to the eǀaluatioŶ of the ĐapaďilitǇ of HadGEMϯ-A iŶ ƌepƌeseŶtiŶg the speĐifiĐ ǁeatheƌ patteƌŶs 350 
assoĐiated ǁith hot aŶd Đold eǀeŶts iŶ CeŶtƌal Euƌope ;defiŶed heƌe as the aǀeƌage oǀeƌ Ϯ°-ϭϱ°E aŶd 351 
ϰϳ°N-ϱϰ°NͿ. This aŶalǇsis ďuilds oŶ Kƌuegeƌ et al. ;ϮϬϭϱͿ aŶd is ďased oŶ a Đoŵposite aŶalǇsis of 352 
teŵpeƌatuƌes aŶd ĐiƌĐulatioŶ states ;ĐhaƌaĐteƌized ďǇ the geopoteŶtial heights at ϱϬϬ hPaͿ foƌ hot aŶd 353 
Đold eǀeŶts. We shoǁ heƌe ƌesults foƌ hot eǆtƌeŵes aŶd Đold eǀeŶts aƌe shoǁŶ iŶ the suppleŵeŶt. The 354 
teŵpeƌatuƌe data ǁas deseasoŶalized ;usiŶg a ϭϬ-daǇ filteƌ foƌ ĐalĐulatiŶg the ĐliŵatologǇͿ; pƌioƌ to 355 
deteĐtiŶg hot aŶd Đold eǆtƌeŵes the liŶeaƌ loŶg-teƌŵ tƌeŶds oǀeƌ the aŶalǇsis peƌiod ǁeƌe ƌeŵoǀed 356 
fƌoŵ eaĐh gƌidpoiŶt.  357 
Hot aŶd Đold eǀeŶts ǁith a tiŵe sĐale of fiǀe daǇs ǁeƌe oďtaiŶed as ĐoŶseĐutiǀe ǀalues aďoǀe the ϵϱth 358 
aŶd ďeloǁ the ϱth dailǇ teŵpeƌatuƌe peƌĐeŶtile foƌ suŵŵeƌ ;JJAͿ aŶd ǁiŶteƌ ;DJFͿ, ƌespeĐtiǀelǇ. These 359 
ŵodeƌate eǆtƌeŵes should oĐĐuƌ uŶdeƌ ďƌoadlǇ siŵilaƌ ĐiƌĐulatioŶ ĐoŶditioŶs to stƌoŶgeƌ eǆtƌeŵes, ďut 360 
aƌe ǁell saŵpled ;Kƌuegeƌ et al., ϮϬϭϱͿ aŶd haǀe ďeeŶ fouŶd useful ;AleǆaŶdeƌ, ϮϬϭϲͿ. Coŵposites of 361 
all suĐh eǀeŶts ǁeƌe ĐalĐulated foƌ the ϭϵϲϬ-ϮϬϭϯ peƌiod ǁhiĐh Ǉields ϭϰϯ heat ǁaǀes aŶd ϭϯϳ Đold 362 
spells fƌoŵ the ϮϬCR ǀϮĐ iŶ ĐoŵpaƌisoŶ to a ƌaŶge of ϭϰϵ-ϭϱϰ hot spells aŶd ϭϰϳ-ϭϱϬ Đold spells foƌ the 363 
ŵodel eŶseŵďle, ƌespeĐtiǀelǇ ;Ŷote that the ƌeaŶalǇsis shoǁs slightlǇ, ďut sigŶifiĐaŶtlǇ, feǁeƌ hot aŶd 364 
Đold spellsͿ. The assoĐiated ĐiƌĐulatioŶ patteƌŶs aƌe ĐalĐulated as the Đoŵposites of the ϱϬϬ hhPa 365 
geopoteŶtial height fouŶd foƌ eaĐh oĐĐuƌƌeŶĐe of a Đold- oƌ hot teŵpeƌatuƌe eǀeŶt, folloǁiŶg Kƌuegeƌ 366 
et al. ;ϮϬϭϱͿ. IŶ ĐoŶtƌast to Kƌuegeƌ et al. ;ϮϬϭϱͿ, the Đoŵposite aŶalǇsis ǁas peƌfoƌŵed foƌ laŶd-oŶlǇ 367 
teŵpeƌatuƌes. The aŶalǇsis foƌ the ŵodel ǁas peƌfoƌŵed foƌ eaĐh of the ϭϱ eŶseŵďle ŵeŵďeƌs 368 
sepaƌatelǇ, ǁith ƌesultiŶg Đoŵposites theŶ aǀeƌaged to pƌoǀide aŶ eŶseŵďle ŵeaŶ ǀalue.  369 
Figuƌe ϳ shoǁs the teŵpeƌatuƌe Đoŵposites of hot eǀeŶts, aŶd Figuƌe ϴ the ĐiƌĐulatioŶ assoĐiated ǁith 370 
it. The diffeƌeŶĐes ďetǁeeŶ ĐiƌĐulatioŶ Đoŵposites aƌe ƌelatiǀelǇ laƌge iŶ ďoth suŵŵeƌ aŶd ǁiŶteƌ eǀeŶ 371 
though these aƌe aggƌegated oǀeƌ eǀeŶts oĐĐuƌƌiŶg oǀeƌ ϱϰ Ǉeaƌs iŶ eaĐh Đase. Laƌgeƌ diffeƌeŶĐes 372 
ďetǁeeŶ the eŶseŵďle ŵeŵďeƌs aƌe fouŶd foƌ suŵŵeƌ. Foƌ the ĐiƌĐulatioŶ assoĐiated ǁith eǆtƌeŵe 373 
hot eǀeŶts, theƌe is high ǀaƌiaďilitǇ aĐƌoss the eŶseŵďle ŵeŵďeƌs ǁhile foƌ the eŶseŵďle ŵeaŶ the 374 
geopoteŶtial patteƌŶ ƌeseŵďles a ĐlassiĐ oŵega ďloĐkiŶg iŶ ϮϬCR ǁith the easteƌŶ, Ŷegatiǀe ĐeŶteƌ of 375 
the ďloĐkiŶg suppƌessed oƌ ŵoǀed iŶ the aǀeƌage ĐiƌĐulatioŶ of HadGEMϯ-A. The loĐatioŶ of loǁ 376 
pƌessuƌe aŶoŵalies aŶd theiƌ ŵagŶitude ǀaƌies aĐƌoss eŶseŵďle ŵeŵďeƌs foƌ this ϱϰ Ǉeaƌ aǀeƌage. The 377 
spatial eǆteŶt aŶd iŶteŶsitǇ of heat ǁaǀes ǀaƌies aĐƌoss eŶseŵďle ŵeŵďeƌs ĐoŶsisteŶt ǁith the suďtle 378 
ǀaƌiatioŶs iŶ ĐiƌĐulatioŶ ;foƌ eǆaŵple, Đoŵpaƌe ŵiddle of the seĐoŶd to ďottoŵ left paŶel foƌ figuƌes ϳ 379 
aŶd ϴͿ. The oďseƌǀatioŶs lie ǁithiŶ that laƌge ǀaƌiaďilitǇ.   380 
Results foƌ Đold eǀeŶts aƌe siŵilaƌ ;“uppleŵeŶtaƌǇ Figuƌe ϭ aŶd ϮͿ, ǁith a stƌoŶg pƌessuƌe gƌadieŶt 381 
ďetǁeeŶ a high aŶd loǁ iŶ NW aŶd “E Euƌope, ƌespeĐtiǀelǇ, ĐausiŶg Đold spells, ǁhose aǀeƌage iŶteŶsitǇ 382 
aŶd eǆteŶt ǀaƌies depeŶdiŶg oŶ the tilt of the pƌessuƌe gƌadieŶt, agaiŶ eǆeŵplifǇiŶg the iŵpoƌtaŶt ƌole 383 
of atŵospheƌiĐ ǀaƌiaďilitǇ eǀeŶ oŶ the loŶg tiŵesĐales aǀeƌaged aĐƌoss heƌe.  384 
ϱ.ϯ LaŶd-atŵosphere iŶteraĐtioŶs 385 
 386 
LaŶd-atŵospheƌe iŶteƌaĐtioŶs aƌe ŵajoƌ pƌoĐesses iŶ the deǀelopŵeŶt of ŵaŶǇ eǆtƌeŵes aŶd ŵust 387 
theƌefoƌe ďe ǁell ƌepƌeseŶted iŶ ǀieǁ of attƌiďutioŶ studies. This is paƌtiĐulaƌlǇ iŵpoƌtaŶt foƌ heat 388 
ǁaǀes, ǁhiĐh aƌe eǆpeĐted to ďeĐoŵe ŵoƌe fƌeƋueŶt ǁith gƌeeŶhouse gases iŶĐƌease ;“eŶeǀiƌatŶe et 389 
al. ϮϬϭϮͿ, ǁith poteŶtial seǀeƌe iŵpaĐts oŶ soĐietǇ aŶd eĐoŶoŵǇ ;RoseŶzǁeig et al. ϮϬϬϭ, Coƌti et al. 390 
ϮϬϬϵ, Blauhut et al. ϮϬϭϱ, )hao et al., ϮϬϭϲͿ. The uŶĐeƌtaiŶtǇ of pƌojeĐtioŶs of futuƌe teŵpeƌatuƌes aŶd 391 
assoĐiated hot eǆtƌeŵes is espeĐiallǇ laƌge iŶ ƌegioŶs ǁheƌe a shift of the eǀapotƌaŶspiƌatioŶ ƌegiŵe is 392 
eǆpeĐted, i.e. ǁheƌe eǀapotƌaŶspiƌatioŶ is ƌadiatioŶ-liŵited iŶ todaǇ’s Đliŵate ďut ǁill ďeĐoŵe soil-393 
ŵoistuƌe-liŵited iŶ futuƌe Đliŵate. This is due to a laƌge uŶĐeƌtaiŶtǇ iŶ the ƌepƌeseŶtatioŶ of the laŶd-394 
atŵospheƌe ĐoupliŶg aĐƌoss state-of-the-aƌt Eaƌth “Ǉsteŵ Models ;E“MsͿ iŶ pƌeseŶt aŶd futuƌe Đliŵate 395 
;“eŶeǀiƌatŶe et al. ϮϬϭϲͿ, aŶd ƌesultiŶg fluǆes ;“tegehuis et al., ϮϬϭϯͿ. This pƌoďleŵ Ŷeeds to ďe 396 
addƌessed ďǇ ǀalidatiŶg aŶd eǀaluatiŶg the iŶǀolǀed ŵodelled pƌoĐesses iŶ pƌeseŶt Đliŵate ĐoŶditioŶs 397 
agaiŶst oďseƌǀatioŶs. ThaŶks to ƌeĐeŶt adǀaŶĐes iŶ the deǀelopŵeŶt of ƌefeƌeŶĐe datasets foƌ laŶd keǇ 398 
ǀaƌiaďles suĐh as soil ŵoistuƌe ;Oƌth aŶd “eŶeǀiƌatŶe ϮϬϭϱͿ aŶd eǀapotƌaŶspiƌatioŶ ;Muelleƌ et al. 399 
ϮϬϭϯͿ, a ĐoŵpƌeheŶsiǀe eǀaluatioŶ of the ŵodelled laŶd-atŵospheƌe ĐoupliŶg ďeĐaŵe feasiďle. 400 
We assess aŶd eǀaluate the laŶd-atŵospheƌe ĐoupliŶg iŶ the HadGEMϯ-A ŵodel iŶ Euƌope ďǇ 401 
ĐoŶsideƌiŶg all paƌts of the oǀeƌall ĐoupliŶg sepaƌatelǇ ;see Figuƌe ϵ of “eŶeǀiƌatŶe et al. ϮϬϭϬͿ. IŶ 402 
paƌtiĐulaƌ ǁe foĐus oŶ ;iͿ the ĐoupliŶg ďetǁeeŶ soil ŵoistuƌe aŶd eǀapotƌaŶspiƌatioŶ, ;iiͿ the ĐoupliŶg 403 
ďetǁeeŶ eǀapotƌaŶspiƌatioŶ aŶd teŵpeƌatuƌe ;eǆtƌeŵesͿ, aŶd ;iiiͿ the ;ƌesultiŶgͿ ĐoupliŶg ďetǁeeŶ 404 
pƌeĐipitatioŶ aŶd teŵpeƌatuƌe ;eǆtƌeŵesͿ. IŶ teƌŵs of teŵpeƌatuƌe ǁe ǁill foĐus oŶ ŵoŶthlǇ ŵeaŶ 405 
teŵpeƌatuƌe, aŶd to ƌepƌeseŶt hot eǆtƌeŵes ǁe use TXǆ. 406 
The ƌelatioŶship ďetǁeeŶ the ǀaƌiaďles iŶǀolǀed iŶ eaĐh paƌt ŵodelled ďǇ HadGEMϯ-A is Đoŵpaƌed 407 
ǁith the ĐoƌƌespoŶdiŶg oďseƌǀed iŶteƌplaǇ usiŶg state-of-the-aƌt ƌefeƌeŶĐe datasets of the 408 
ĐoƌƌespoŶdiŶg ǀaƌiaďles ;Taďle ϭͿ. Heƌe ǁe foĐus oŶ the tiŵe peƌiod ϭϵϲϬ-ϮϬϭϯ, hoǁeǀeƌ, due to 409 
liŵited aǀailaďilitǇ of the ƌefeƌeŶĐe datasets, the eǀaluatioŶ of eǀapotƌaŶspiƌatioŶ-ƌelated ĐoupliŶgs is 410 
ĐoŶstƌaiŶed to ϭϵϴϵ-ϮϬϬϱ, aŶd the eǀaluatioŶ of soil ŵoistuƌe-ƌelated ĐoupliŶgs is ƌestƌiĐted to ϭϵϴϰ-411 
ϮϬϭϯ. Note fuƌtheƌŵoƌe the diffeƌeŶt spatial ƌesolutioŶs ďetǁeeŶ the eŵploǇed ƌefeƌeŶĐe datasets 412 
;see Taďle ϭͿ, aŶd of the HadGEMϯ-A output data. Model output has ďeeŶ ŵasked ǁheŶeǀeƌ the 413 
ƌefeƌeŶĐe data ǁas Ŷot aǀailaďle to eŶsuƌe the saŵe spatial aŶd teŵpoƌal ďasis of the aŶalǇses. 414 
IŶ oƌdeƌ to foĐus oŶ the highest ĐoupliŶg stƌeŶgths, ǁe peƌfoƌŵ all ĐoŵputatioŶs ǁith ŵoŶthlǇ data 415 
usiŶg oŶlǇ the hottest ŵoŶth of eaĐh Ǉeaƌ. IŶ the Đase of soil ŵoistuƌe aŶd pƌeĐipitatioŶ ǁe use the 416 
pƌeǀious ŵoŶth to Đaptuƌe theiƌ iŶflueŶĐe oŶ suďseƋueŶt teŵpeƌatuƌe oƌ eǀapotƌaŶspiƌatioŶ. Foƌ the 417 
estiŵatioŶ of the ĐoŶsideƌed ĐoupliŶg stƌeŶgths ǁe ĐoŶsideƌ ϯ EuƌopeaŶ suďƌegioŶs, ;iͿ NoƌtheƌŶ 418 
Euƌope ;NEUͿ, ;iiͿ CeŶtƌal Euƌope ;CEUͿ, aŶd ;iiiͿ the MediteƌƌaŶeaŶ ;MEDͿ as defiŶed iŶ “eŶeǀiƌatŶe et 419 
al. ;ϮϬϭϮͿ. Foƌ the MediteƌƌaŶeaŶ ƌegioŶ, hoǁeǀeƌ, ǁe foĐus oŶ latitudes ďetǁeeŶ ϯϱ°N-ϰϱ°N iŶstead 420 
of ϯϬ°N-ϰϱ°N as iŶ “eŶeǀiƌatŶe et al ;ϮϬϭϮͿ due to liŵited spatial aǀailaďilitǇ of the ƌefeƌeŶĐe datasets 421 
;ƌegioŶ heŶĐe deŶoted as MED*Ϳ. CoupliŶg stƌeŶgths aƌe eǆpƌessed as ŵoŶthlǇ ĐoƌƌelatioŶs. 422 
Fuƌtheƌŵoƌe, ǁe Đoŵpaƌe ŵodelled ǀeƌsus ƌefeƌeŶĐe distƌiďutioŶs of the ĐoŶsideƌed ǀaƌiaďles iŶ the 423 
ĐoŶsideƌed ŵoŶths. 424 
Soil ŵoisture - EǀapotraŶspiratioŶ CoupliŶg: The HadGEMϯ-A ĐoupliŶg ďetǁeeŶ pƌeĐediŶg soil 425 
ŵoistuƌe aŶd eǀapotƌaŶspiƌatioŶ iŶ the hottest ŵoŶth is Đoŵpaƌed ǁith ƌefeƌeŶĐe data iŶ Figuƌe ϵ. 426 
Apaƌt fƌoŵ the appaƌeŶt ďias iŶ eǀapotƌaŶspiƌatioŶ iŶ NEU aŶd CEU, HadGEMϯ-A Đaptuƌes the 427 
oďseƌǀed ĐoupliŶg ǁell. Oǀeƌall stƌeŶgth aŶd the spatial patteƌŶ of the ĐoƌƌelatioŶ ďetǁeeŶ soil 428 
ŵoistuƌe aŶd eǀapotƌaŶspiƌatioŶ aƌe also ǁell ƌepƌeseŶted. With feǁ eǆĐeptioŶs the HadGEMϯ-A 429 
eŶseŵďle Đaptuƌes the oďseƌǀed ĐoupliŶg stƌeŶgth iŶ all EuƌopeaŶ ƌegioŶs. OŶlǇ oǀeƌ the IďeƌiaŶ 430 
PeŶiŶsula ;uŶdeƌestiŵatioŶͿ aŶd iŶ IƌelaŶd ;Ŷo ĐoupliŶgͿ the ŵodel ƌesults do Ŷot agƌee ǁith the 431 
ĐoƌƌelatioŶs aĐƌoss the ƌefeƌeŶĐe datasets. Note the laƌge spƌead of ĐoƌƌelatioŶs ďetǁeeŶ the iŶdiǀidual 432 
eŶseŵďle ŵeŵďeƌs suggestiŶg stƌoŶg ǀaƌiaďilitǇ of the ŵodelled ĐoupliŶg. 433 
EǀapotraŶspiratioŶ - Teŵperature CoupliŶg: The HadGEMϯ-A ĐoupliŶg ďetǁeeŶ eǀapotƌaŶspiƌatioŶ 434 
aŶd teŵpeƌatuƌe iŶ the hottest ŵoŶth is Đoŵpaƌed ǁith ƌefeƌeŶĐe data iŶ Figuƌes ϭϬ aŶd ϭϭ. While the 435 
oǀeƌall stƌeŶgth aŶd the Ŷoƌth-south gƌadieŶt iŶ the ĐoƌƌelatioŶ aƌe ƌepƌeseŶted iŶ the ŵodel, its 436 
siŵulated spatial ĐoupliŶg patteƌŶ agƌees oŶlǇ paƌtiallǇ ǁith the ƌefeƌeŶĐe datasets. The tƌaŶsitioŶ zoŶe 437 
ǁith zeƌo ĐoupliŶg stƌeŶgth ďetǁeeŶ the positiǀe ĐoupliŶg iŶ NEU aŶd the Ŷegatiǀe ĐoupliŶg iŶ MED* 438 
is too ǁide iŶ the ŵodel, aŶd it is shifted Ŷoƌthǁaƌd as Đoŵpaƌed to the ƌefeƌeŶĐe datasets. This 439 
ĐoŶtƌiďutes to the oǀeƌestiŵatioŶ of hot teŵpeƌatuƌe eǆtƌeŵes ďǇ the HadGEMϯ-A ŵodel fouŶd iŶ 440 
“eĐtioŶ ϰ. The uŶdeƌestiŵatioŶ of the eǀapotƌaŶspiƌatioŶ-teŵpeƌatuƌe ĐoupliŶg ďetǁeeŶ ϱϬ°N-ϲϱN° 441 
also eǆplaiŶs ǁhǇ the oďseƌǀed ĐoƌƌelatioŶ is Ŷot ĐoŶtaiŶed iŶ the HadGEMϯ-A eŶseŵďle iŶ laƌge paƌts 442 
of this ƌegioŶ. This oĐĐuƌs eǀeŶ though the spƌead of ĐoƌƌelatioŶs ďetǁeeŶ the eŶseŵďle ŵeŵďeƌs of 443 
HadGEMϯ-A is laƌge, as foƌ the pƌeǀious ĐoupliŶg ;Figuƌe ϵ of “eŶeǀiƌatŶe et al., ϮϬϭϬͿ. Results also 444 
shoǁ a Noƌthǁaƌd eǆteŶsioŶ of ĐoupliŶg ƌegioŶ, poteŶtiallǇ ĐƌeatiŶg too ǁaƌŵ hot peƌiods, iŶ 445 
agƌeeŵeŶt ǁith the eǆtƌeŵe ǀalue aŶalǇsis of “eĐtioŶ ϰ.  We fiŶd Đoŵpaƌaďle ƌesults foƌ ŵeaŶ aŶd 446 
eǆtƌeŵe teŵpeƌatuƌes iŶdiĐatiŶg alŵost Ŷo ĐhaŶge of this ĐoupliŶg iŶ heat ǁaǀes. 447 
We fiŶd a laƌge spƌead of ĐoupliŶg stƌeŶgths ďetǁeeŶ the eŶseŵďle ŵeŵďeƌ siŵulatioŶs ;Ŷot shoǁŶͿ 448 
iŶdiĐatiŶg laƌge ǀaƌiaďilitǇ of the ĐoupliŶg. It ƌeŵaiŶs uŶĐleaƌ if this is a ŵodel-speĐifiĐ featuƌe. This 449 
Đould ďe tested ďǇ ĐoŵpaƌiŶg the teŵpoƌal ǀaƌiaďilitǇ of the ĐoupliŶg stƌeŶgth iŶ the ƌefeƌeŶĐe data 450 
aŶd iŶ the ŵodel output usiŶg teŵpoƌal suďsets of the aǀailaďle data. Hoǁeǀeƌ, this is ďeǇoŶd the 451 
sĐope of this aƌtiĐle. We Ŷote, hoǁeǀeƌ, that this ǀaƌiaďilitǇ Đould help to eǆplaiŶ the offset iŶ the spatial 452 
patteƌŶs of ĐoupliŶg stƌeŶgths ďetǁeeŶ the ƌefeƌeŶĐe datasets aŶd the ŵodel. 453 
SpriŶg preĐoŶditioŶiŶg of heat ǁaǀes: We Ŷeǆt iŶǀestigate to ǁhat eǆteŶt spƌiŶg pƌeĐoŶditioŶiŶg of 454 
soil ŵatteƌs foƌ iŶdiǀidual heat ǁaǀe ŵetƌiĐs ;see e.g. Vautaƌd et al., ϮϬϬϳ; HiƌsĐhi et al., ϮϬϭϭͿ. A ŵetƌiĐ 455 
of EuƌopeaŶ heat ǁaǀes that taƌgets iŵpaĐts is used, ďased oŶ ŵaǆiŵuŵ aŶd ŵiŶiŵuŵ teŵpeƌatuƌes 456 
eǆĐeediŶg the ϵϬth peƌĐeŶtile thƌeshold foƌ at least ϯ daǇs aŶd Ϯ Ŷights ;Pezza et al., ϮϬϭϮ; CoǁaŶ et al. 457 
ϮϬϭϳͿ. This appƌoaĐh should ďe ĐoŶsideƌed aŶalogous to appƌoaĐhes usiŶg EǆĐess Heat FaĐtoƌ ;e.g. 458 
PeƌkiŶs et al., ϮϬϭϮͿ oƌ hottest dailǇ ŵaǆiŵuŵ teŵpeƌatuƌe of the Ǉeaƌ ;Hauseƌ et al., ϮϬϭϲͿ aŶd heŶĐe 459 
ƌelates to the iŶdeǆ ĐoŶsideƌed aďoǀe. We tested the seŶsitiǀitǇ of suŵŵeƌ heat ǁaǀes to pƌeĐeediŶg 460 
ǁet aŶd dƌǇ spƌiŶgs foƌ diffeƌeŶt EuƌopeaŶ suď-ƌegioŶs iŶ E-OB“ ǀϭϰ.Ϭ, aŶd ǁhetheƌ the HadGEMϯ-A 461 
ĐaŶ Đaptuƌe this seŶsitiǀitǇ. Heat ǁaǀe Đoŵposites ǁeƌe ĐalĐulated oǀeƌ suŵŵeƌs folloǁiŶg the top 462 
ϮϬ% dƌiest aŶd ǁettest spƌiŶgs ;i.e. foƌ E-OB“ this is eƋuiǀaleŶt to the ϭϰ dƌiest aŶd ϭϰ ǁettest spƌiŶgs, 463 
foƌ  HadGEMϯ-A  this ĐoƌƌespoŶds to the ϭϭ dƌiest aŶd ϭϭ ǁettest spƌiŶgs peƌ eŶseŵďle ŵeŵďeƌͿ ďased 464 
oŶ ϯ-ŵoŶth “taŶdaƌdized PƌeĐipitatioŶ IŶdeǆ ;“PI;  MĐKee et al., ϭϵϵϯͿ foƌ spƌiŶg eŶdiŶg iŶ MaǇ, 465 
aǀeƌaged oǀeƌ eaĐh ƌegioŶ of iŶteƌest ;ďouŶded ƌegioŶs iŶ Figuƌe ϭϮͿ. A ŶoŶ-paƌaŵetƌiĐ tǁo-saŵple 466 
WilĐoǆoŶ sigŶ-ƌaŶked test ;HollaŶdeƌ aŶd Wolfe, ϭϵϵϵͿ us used iŶ oƌdeƌ to deteƌŵiŶe if the suŵŵeƌ 467 
heat ǁaǀe ŵetƌiĐs aƌe distiŶguishaďlǇ diffeƌeŶt ďetǁeeŶ dƌǇ aŶd ǁet spƌiŶg Đases at the ϵϱ% 468 
ĐoŶfideŶĐe leǀel ;e.g. CoǁaŶ et al., ϮϬϭϳͿ.  469 
 Figuƌe ϭϮ shoǁs the Đoŵposite patteƌŶs folloǁiŶg the ǁet aŶd dƌǇ spƌiŶgs foƌ the heat ǁaǀe duƌatioŶ 470 
;HWDͿ, ǁhiĐh desĐƌiďes the loŶgest seasoŶal heat ǁaǀe. The ŵodel Đoŵposites aƌe ďased oŶ ϭϭ spƌiŶgs 471 
eaĐh fƌoŵ the ϭϱ histoƌiĐal eŶseŵďle ŵeŵďeƌs ;ϭϲϱ spƌiŶgs iŶ totalͿ. The patteƌŶs fƌoŵ E-OB“ shoǁ 472 
that dƌǇ spƌiŶgs aĐƌoss southeƌŶ Euƌope aƌe sǇsteŵiĐallǇ folloǁed ďǇ loŶgeƌ suŵŵeƌ heat ǁaǀes 473 
Đoŵpaƌed to ǁet spƌiŶgs ;Figuƌe ϭϮ, left paŶelsͿ, ǁith ŵaŶǇ MediteƌƌaŶeaŶ ƌegioŶs eǆĐeediŶg ϱ.ϱ daǇs 474 
oŶ aǀeƌage. This is ĐoŶsisteŶt ǁith the ƌesults foƌ ĐoupliŶg stƌeŶgth shoǁŶ aďoǀe ;Figuƌe ϭϬͿ. Fuƌtheƌ 475 
Ŷoƌth iŶto ĐeŶtƌal aŶd easteƌŶ ĐoŶtiŶeŶtal Euƌope, this oďseƌǀed teŶdeŶĐǇ ďeĐoŵes ŵuĐh ǁeakeƌ aŶd 476 
less sigŶifiĐaŶt. AĐƌoss southeƌŶ EŶglaŶd aŶd ŶoƌtheƌŶ FƌaŶĐe, despite the laĐk of sigŶifiĐaŶĐe theƌe is 477 
a sŵall iŶĐƌease iŶ HWD folloǁiŶg dƌǇ spƌiŶgs Đoŵpaƌed to ǁet spƌiŶgs. Foƌ ǁesteƌŶ “ĐaŶdiŶaǀia, loŶgeƌ 478 
suŵŵeƌ heat ǁaǀes teŶd to eŵeƌge folloǁiŶg ǁetteƌ spƌiŶgs, ĐoŶsisteŶt ǁith a positiǀe 479 
eǀapotƌaŶspiƌatioŶ teŵpeƌatuƌe ĐoupliŶg, ǁhiĐh suggests that aŶteĐedeŶt soil ŵoistuƌe ĐoŶditioŶs, 480 
ďased oŶ the “PI, aƌe Ŷot a sigŶifiĐaŶt pƌediĐtoƌ of suŵŵeƌ-tiŵe heat ǁaǀe aĐtiǀitǇ.  481 
IŶ geŶeƌal, HadGEMϯ-A shoǁs a sŵalleƌ effeĐt of dƌǇ spƌiŶgs oŶ HWDs aĐƌoss the ǁesteƌŶ 482 
MediteƌƌaŶeaŶ, hoǁeǀeƌ, it Đaptuƌes the sigŶifiĐaŶt diffeƌeŶĐes Đoŵpaƌed to the ǁet spƌiŶg Đoŵposites 483 
;Figuƌe ϭϮ; ƌight paŶelsͿ. The ŵodel also appeaƌs to oǀeƌestiŵate the dƌǇ-spƌiŶg HWDs oǀeƌ the faƌ 484 
easteƌŶ MediteƌƌaŶeaŶ iŶĐludiŶg RoŵaŶia. Fuƌtheƌ Ŷoƌth, the ŵodel siŵulates a ŵuĐh ǁeakeƌ spƌiŶg 485 
“PI - suŵŵeƌ HWD ƌelatioŶship, ǁith stƌoŶg positiǀe ďiases oǀeƌ ŵost of “ĐaŶdiŶaǀia ;Đoŵpaƌed to E-486 
OB“Ϳ. AĐƌoss southeasteƌŶ EŶglaŶd aŶd ŶoƌtheƌŶ FƌaŶĐe, the ŵodel suggests that spƌiŶg dƌǇiŶg has 487 
sigŶifiĐaŶt ĐoŶtƌol oǀeƌ heat ǁaǀe aĐtiǀitǇ ;also seeŶ iŶ the siŵulated heat ǁaǀe aŵplitude; Ŷot shoǁŶͿ; 488 
this sigŶal is ŵoƌe pƌoŶouŶĐed iŶ the ŵodel if uppeƌ laǇeƌ soil ŵoistuƌe? is used iŶstead of the “PI ;Ŷot 489 
shoǁŶͿ.  Despite ŵodel ďiases, the patteƌŶs aĐƌoss southeƌŶ Euƌope iŵplǇ that dƌǇ spƌiŶgs aŶd ǁiŶteƌs 490 
do eǆeƌt a stƌoŶg iŶflueŶĐe oŶ suŵŵeƌ heat ǁaǀe aĐtiǀitǇ, ĐoŶfiƌŵiŶg eaƌlieƌ oďseƌǀatioŶal studies 491 
;Quesada et al., ϮϬϭϮ, Vautaƌd et al., ϮϬϬϳͿ aŶd ĐoŶsisteŶt ǁith ƌesults foƌ ĐoupliŶg stƌeŶgth shoǁŶ 492 
aďoǀe ;Figuƌe ϭϬͿ. Foƌ ĐeŶtƌal Euƌope, “ĐaŶdiŶaǀia aŶd the BaltiĐ states, theƌe is oŶlǇ a ǁeak assoĐiatioŶ 493 
to spƌiŶg ĐoŶditioŶs iŶ ďoth ŵodel aŶd oďseƌǀatioŶs, although the ŵodel Đaptuƌes the stƌoŶg spƌiŶg 494 
pƌe-ĐoŶditioŶiŶg aĐƌoss EasteƌŶ Euƌope. This is iŶ agƌeeŵeŶt ǁith a Ŷoƌthǁaƌd shift of the Ŷegatiǀe 495 
ĐoupliŶg ƌegioŶ as fouŶd aďoǀe ;Figuƌe ϭϬͿ, aŶd as suĐh, the ŵodel appeaƌs to haǀe a stƌoŶgeƌ ƌespoŶse 496 
to dƌǇ spƌiŶg aŶoŵalies iŶ EasteƌŶ Euƌope Đoŵpaƌed ǁith oďseƌǀatioŶs. The ƌesults foƌ ďoth E-OB“ aŶd 497 
HadGEMϯ-A aƌe affeĐted ďǇ saŵpliŶg uŶĐeƌtaiŶtǇ, paƌtiĐulaƌlǇ foƌ oďseƌǀatioŶs, aŶd the faĐt that the 498 
“PI is aǀeƌaged oǀeƌ laƌge doŵaiŶs ǁith ŵaŶǇ diffeƌeŶt Đliŵates; thus Đaƌe ŵust ďe takeŶ iŶ iŶteƌpƌetiŶg 499 
the spƌiŶg-suŵŵeƌ ĐoupliŶg. Fuƌtheƌŵoƌe, the “PI ŵaǇ Ŷot fullǇ ƌepƌeseŶt ǀaƌiatioŶs iŶ the siŵulated 500 
uppeƌ soil ŵoistuƌe oǀeƌ ŶoƌtheƌŶ latitudes ;e.g. “ĐaŶdiŶaǀiaͿ, giǀeŶ loǁ ĐoƌƌelatioŶs ;~Ϭ.ϭͿ iŶ the 501 
ŵodel, Đoŵpaƌed to Ϭ.ϵϯ oǀeƌ ǁesteƌŶ MediteƌƌaŶeaŶ.   502 
ϱ.ϰ Stratosphere-troposphere iŶteraĐtioŶs 503 
 504 
A keǇ pƌoĐess iŶ Đold spells deǀelopŵeŶt is the iŶteƌaĐtioŶ ďetǁeeŶ stƌatospheƌe aŶd tƌopospheƌe, 505 
ǁhiĐh ŵust also ďe ǁell ƌepƌeseŶted iŶ ǀieǁ of Đold spell eǀeŶts attƌiďutioŶ. IŶ the eǆtƌa-tƌopiĐal NH 506 
ǁiŶteƌ theƌe is a teŶdeŶĐǇ foƌ aŶoŵalies to pƌopagate fƌoŵ the stƌatospheƌe to the tƌopospheƌe ǁheƌe 507 
theǇ distuƌď the NAO aŶd the ǁeatheƌ ƌelated to this doŵiŶatiŶg ŵode of ǀaƌiaďilitǇ. IŶ paƌtiĐulaƌ, ǁeak 508 
stƌatospheƌiĐ ǀoƌteǆ eǀeŶts aƌe folloǁed ďǇ aŶ iŶĐƌeased pƌoďaďilitǇ of Đold teŵpeƌatuƌes aŶd Đold 509 
eǆtƌeŵes iŶ Euƌope. Although this ĐoupliŶg ďetǁeeŶ the stƌatospheƌe aŶd the tƌopospheƌe oŶ iŶtƌa-510 
seasoŶal tiŵe-sĐales has ďeeŶ kŶoǁŶ foƌ ŵoƌe thaŶ a deĐade ;BaldǁiŶ aŶd DuŶkeƌtoŶ, ϭϵϵϵ; 511 
ChƌistiaŶseŶ, ϮϬϬϭͿ theƌe still ƌeŵaiŶ uŶaŶsǁeƌed ƋuestioŶs aďout hoǁ to ƌepƌeseŶt the stƌatospheƌiĐ 512 
ǀaƌiaďilitǇ iŶ oƌdeƌ to optiŵallǇ ĐatĐh the ĐoupliŶg. Heƌe, ǁe eǀaluate the HadGEMϯ-A ŵodel's aďilitǇ 513 
to ƌepƌoduĐe the oďseƌǀed ĐoŶŶeĐtioŶ ďetǁeeŶ the stƌatospheƌe aŶd the tƌopospheƌe. 514 
The doǁŶǁaƌd pƌopagatioŶ fƌoŵ the stƌatospheƌe to the tƌopospheƌe ĐaŶ ďe deŵoŶstƌated ďǇ lagged 515 
ĐoƌƌelatioŶs ďetǁeeŶ zoŶal ŵeaŶ ǁiŶd at ϲϬ°N, ϭϬ hPa ;a ŵeasuƌe of the stƌatospheƌiĐ ǀoƌteǆͿ aŶd the 516 
zoŶal ŵeaŶ ǁiŶd at otheƌ ǀeƌtiĐal leǀels at ϲϬ°N. 517 
UŶfoƌtuŶatelǇ, oŶlǇ ŵoŶthlǇ aǀeƌaged stƌatospheƌiĐ ŵodel data haǀe ďeeŶ saǀed iŶ the ŵodel 518 
eǆpeƌiŵeŶts ǁhile dailǇ should ďe used. To paƌtlǇ oǀeƌĐoŵe this ǁe haǀe iŶteƌpolated the ŵoŶthlǇ 519 
aǀeƌages to dailǇ ǀalues. To eǀaluate the souŶdŶess of this appƌoaĐh ǁe Đoŵpaƌe theŵ ǁith 520 
oďseƌǀatioŶs suď-saŵpled to ŵoŶthlǇ ǀalues aŶd theŶ iŶteƌpolated ďaĐk to dailǇ ǀalues. IŶ dailǇ 521 
oďseƌǀatioŶs the doǁŶǁaƌd pƌopagatioŶ is ĐleaƌlǇ seeŶ ǁith ŵaǆiŵuŵ ĐoƌƌelatioŶs at the suƌfaĐe 522 
laggiŶg those iŶ the stƌatospheƌe ǁith aďout Ϯ ǁeeks. IŶ the ŵodel theƌe is a siŵilaƌ ĐoŶŶeĐtioŶ 523 
ďetǁeeŶ the stƌatospheƌe aŶd the tƌopospheƌe ďut it appeaƌs less lagged. This is at least paƌtlǇ due to 524 
the sŵoothiŶg effeĐt of dealiŶg ǁith ŵoŶthlǇ data ;as seeŶ iŶ the top left paŶel of Fig. ϭϯͿ. 525 
The faĐt that the stƌatospheƌe is leadiŶg the tƌopospheƌe also iŶ the ŵodel is ŵoƌe ĐleaƌlǇ seeŶ iŶ Fig. 526 
ϭϯ ǁhiĐh shoǁs the ĐoƌƌelatioŶs ďetǁeeŶ the stƌatospheƌiĐ ǀoƌteǆ ;zoŶal ŵeaŶ ǁiŶd at ϲϬ°N ϭϬ hPaͿ 527 
aŶd the NAO. The effeĐt of a ǁeak NAO oŶ EuƌopeaŶ teŵpeƌatuƌes aƌe ǁell kŶoǁŶ ;Huƌƌel et al., ϮϬϬϯͿ, 528 
thus Figuƌe ϭϰd shoǁs the ŵodel skill to siŵulate a keǇ ĐoŶŶeĐtioŶ ďetǁeeŶ stƌatospheƌe aŶd the 529 
ĐiƌĐulatioŶ patteƌŶ pƌeseŶt duƌiŶg Đold spells oĐĐuƌƌeŶĐes. 530 
FiŶallǇ, Figuƌe ϭϰ shoǁs the ĐoƌƌelatioŶ ďetǁeeŶ the aŶoŵalǇ of the stƌatospheƌiĐ ǀoƌteǆ, defiŶed as 531 
aďoǀe, aŶd suƌfaĐe teŵpeƌatuƌes, foƌ oďseƌǀatioŶs aŶd fiǀe ŵodel eŶseŵďle ŵeŵďeƌs. Foƌ the 532 
oďseƌǀatioŶs ǁe fiŶd a patteƌŶ that is ĐoŶsisteŶt ǁith the iŵpaĐt of the NAO: positiǀe ĐoƌƌelatioŶs iŶ 533 
the ŵiddle aŶd NoƌtheƌŶ Euƌope aŶd Ŷegatiǀe ĐoƌƌelatioŶs iŶ “outheƌŶ Euƌope ;although these 534 
ĐoƌƌelatioŶs aƌe Ŷot statistiĐallǇ sigŶifiĐaŶtͿ.  Foƌ the ŵodel ǁe fiŶd that the eŶseŵďle ŵeŵďeƌs agƌee 535 
oŶ the geŶeƌal patteƌŶ, as ƌeǀealed ďǇ eŶseŵďle ŵeaŶ ĐoƌƌelatioŶs although theƌe aƌe ĐoŶsideƌaďle 536 
diffeƌeŶĐes ďetǁeeŶ eŶseŵďle ŵeŵďeƌs. 537 
ϱ.ϱ ProĐesses iŶǀolǀed iŶ storŵ surges 538 
 539 
“toƌŵ suƌges ĐaŶ oĐĐuƌ iŶ Ŷuŵeƌous plaĐes iŶ Euƌope aŶd dƌiǀiŶg pƌoĐesses aƌe esseŶtiallǇ the 540 
iŶteƌaĐtioŶ ďetǁeeŶ ǁiŶds, loǁ pƌessuƌe sǇsteŵs, seas dǇŶaŵiĐs, aŶd ǁaǀes. It ǁould ďe a tƌeŵeŶdous 541 
task, ǁell ďeǇoŶd the sĐope of this aƌtiĐle, to assess the ŵodel’s ĐapaĐitǇ to siŵulate ǁeatheƌ 542 
ĐoŶditioŶs ĐoŶduĐiǀe to stoƌŵ suƌges eǀeƌǇǁheƌe iŶ Euƌope. OŶlǇ a Đase studǇ is deǀeloped heƌe as aŶ 543 
eǆaŵple, iŶ the BaltiĐ sea, a ƌegioŶ that is kŶoǁŶ foƌ ǁitŶessiŶg seǀeƌe suƌges due to the geoŵetƌǇ of 544 
the sea aŶd ǁeatheƌ ĐoŶditioŶs. These oĐĐuƌ iŶ paƌtiĐulaƌ ǁheŶ stƌoŶg ǁiŶds deǀelop afteƌ the passage 545 
of ĐǇĐloŶes oǀeƌ the BaltiĐ “ea, poteŶtiallǇ iŶduĐiŶg eǆtƌeŵe ǀaƌiatioŶs iŶ sea leǀel ƌesultiŶg iŶ stoƌŵ 546 
suƌges e.g. aloŶg the GeƌŵaŶ Coast iŶ the southǁesteƌŶ BaltiĐ “ea ƌegioŶ ;“ztoďƌǇŶ et al., ϮϬϬϱ; 547 
HüŶiĐke et al., ϮϬϭϱͿ. DuƌiŶg stƌoŶg oŶshoƌe ǁiŶds, the sea leǀel ƌises due to ǁiŶd set-up. 548 
IŶ this seĐtioŶ ǁe assess the aďilitǇ of usiŶg HadGEMϯ-A as atŵospheƌiĐ foƌĐiŶg data to dƌiǀe the 549 
ƌegioŶal oĐeaŶ ŵodel TRIM-NP ;Kapitza, ϮϬϬϴͿ foƌ ĐalĐulatiŶg ǁateƌ leǀel of the BaltiĐ “ea iŶ ϭϮ.ϴkŵ 550 
spatial ƌesolutioŶ. Results aƌe suŵŵaƌized heƌe as a paƌallel studǇ assesses the attƌiďutioŶ of these 551 
eǀeŶts to Đliŵate ĐhaŶge ;Klehŵet et al., ϮϬϭϳ, iŶ pƌepaƌatioŶͿ. DǇŶaŵiĐal doǁŶsĐaliŶg of HadGEMϯ-552 
A data has ďeeŶ doŶe ǁith ϳ eŶseŵďle ŵeŵďeƌs oŶlǇ ;due to ĐoŵputiŶg ĐostsͿ foƌ ϭϵϳϭ-ϮϬϭϬ. To 553 
oďtaiŶ a gƌidded ƌefeƌeŶĐe data foƌ the eǀaluatioŶ, oŶe ŵodel ƌeĐoŶstƌuĐtioŶ of ǁateƌ leǀel of TRIM-554 
NP has ďeeŶ peƌfoƌŵed usiŶg the CoastDatϮ data ;GeǇeƌ, ϮϬϭϰͿ as atŵospheƌiĐ foƌĐiŶg. CoastDatϮ is a 555 
ƌegioŶal atŵospheƌiĐ hiŶdĐast siŵulatioŶ foƌ the EuƌopeaŶ ĐoŶtiŶeŶt foƌ ϭϵϰϴ to ϮϬϭϮ oďtaiŶed ǁith 556 
the ƌegioŶal Đliŵate ŵodel CO“MO-CLM ;RoĐkel et al., ϮϬϬϴͿ usiŶg the gloďal ƌeaŶalǇsis data of NCEP-557 
Rϭ ;KalŶaǇ et al., ϭϵϵϲ; Kistleƌ et al., ϮϬϬϭͿ as foƌĐiŶg data. We theŶ fiƌst diƌeĐtlǇ Đoŵpaƌe the outputs 558 
of HadGEMϯA-TRIM-data ǁith those of CoastDat-TRIM.  559 
Maǆiŵal Noǀeŵďeƌ ǁateƌ leǀel aŶoŵalies foƌ seleĐted gƌid ďoǆes ƌepƌeseŶtiŶg loĐatioŶs Đo-loĐated to 560 
Đities aloŶg the GeƌŵaŶ Đoast ;heƌe : WaƌŶeŵüŶde, TƌaǀeŵüŶdeͿ foƌ ϭϵϳϭ-ϮϬϭϬ ƌelatiǀe to the ϭϵϳϭ-561 
ϮϬϭϬ ŵeaŶ of the HadGEMϯA-TRIM-data uŶdeƌestiŵate eǆtƌeŵe ǁateƌ leǀels as Đoŵpaƌed ǁith 562 
CoastDat-TRIM ;Figuƌe ϭϱͿ. The high ǁateƌ leǀels of ďoth stoƌŵ suƌge eǀeŶts iŶ ϭϵϵϱ aŶd ϮϬϬϲ shoǁŶ 563 
ďǇ CoastDat-TRIM, used as ƌefeƌeŶĐe data, aƌe Ŷot fouŶd iŶ the tiŵe seƌies of histoƌiĐal HadGEMϯA-564 
TRIM eŶseŵďle siŵulatioŶs that ƌepƌeseŶt aĐtual Đliŵate ǁith aŶthƌopogeŶiĐ foƌĐiŶg. 565 
Hoǁeǀeƌ, eǆtƌeŵe ǁiŶds iŶ the aƌea aƌe pƌopeƌlǇ ƌepƌoduĐed ďǇ the ŵodel. We Đoŵpaƌed the 566 
siŵulated distƌiďutioŶ of thƌee siŵple ǁiŶd iŶdiĐatoƌs ǁith ERA-IŶteƌiŵ suƌfaĐe ǁiŶds: the ǁiŶd speed 567 
itself, the ǁiŶd speed ĐoŶditioŶal oŶ ǁiŶds iŶ the Noƌth-East QuadƌaŶt, aŶd the Noƌth-EasteƌlǇ 568 
ĐoŵpoŶeŶt of the dailǇ ǁiŶd field ĐalĐulated as NEW = -U –V, U aŶd V ďeiŶg ƌespeĐtiǀelǇ the zoŶal aŶd 569 
ŵeƌidioŶal ǁiŶd ĐoŵpoŶeŶts. All iŶdiĐes ǁeƌe aǀeƌaged oǀeƌ the aƌea ;ϭϬ°E-ϭϴ°E; ϱϰ°N-ϱϲ°NͿ, ǁhiĐh 570 
eŶĐoŵpasses the “outh-WesteƌŶ BaltiĐ “ea. DistƌiďutioŶs aƌe faiƌlǇ ǁell ƌepƌeseŶted as shoǁŶ iŶ Figuƌe 571 
ϭϲ, despite a ŵiŶoƌ ǁiŶd uŶdeƌestiŵatioŶ ďǇ HadGEMϯ-A ƌelatiǀe to ERA-IŶteƌiŵ. This 572 
uŶdeƌestiŵatioŶ is Ƌuite hoŵogeŶeous iƌƌespeĐtiǀe of the ǁiŶd speed, aŶd ƌeaĐhes aďout ϲ% iŶ the 573 
eǆtƌeŵe ǀalues, ďut ĐaŶŶot eǆplaiŶ the too loǁ ǁateƌ leǀels of stoƌŵ suƌges iŶ Figuƌe ϭϱ. Hoǁeǀeƌ, 574 
ERA-IŶteƌiŵ ǁiŶds ŵaǇ theŵselǀes haǀe ďiases aŶd oŶe should ďe pƌudeŶt iŶ the iŶteƌpƌetatioŶ of 575 
these ƌesults. CoŵpaƌisoŶs ǁith ǁiŶds oǀeƌ sea ƌeŵaiŶs diffiĐult as oďseƌǀatioŶ data aƌe laƌgelǇ 576 
ŵissiŶg. Theƌefoƌe, at least foƌ this BaltiĐ “ea, ǁe Đould Ŷot fiŶd aŶǇ ŵajoƌ HadGEMϯ-A siŵulatioŶ ďias 577 
hiŶdeƌiŶg the attƌiďutioŶ of stoƌŵ suƌges. 578 
ϲ. CoŶĐlusioŶ aŶd disĐussioŶ 579 
 580 
IŶ ǀieǁ of attƌiďutioŶ of ĐhaŶge of likelihood of eǆtƌeŵe eǀeŶts to huŵaŶ aĐtiǀitǇ, ǁe haǀe pƌeseŶted 581 
a Ŷuŵďeƌ of ĐoŵpaƌisoŶs ďetǁeeŶ aŶ eŶseŵďle of ϭϱ atŵospheƌiĐ siŵulatioŶs fƌoŵ the HadGEMϯ-A 582 
ŵodel aŶd ǀaƌious oďseƌǀatioŶs oǀeƌ Euƌope. We haǀe pƌeseŶted aŶ aŶalǇsis of ŵodel ŵeaŶ aŶd 583 
eǆtƌeŵe statistiĐs, aŶd aŶ assessŵeŶt of its ĐapaĐitǇ to siŵulate keǇ pƌoĐesses iŶǀolǀed iŶ a feǁ 584 
eǆtƌeŵe eǀeŶts deǀelopŵeŶt. Results pƌeseŶted heƌe shoǁ that HadGEMϯ-A siŵulates the 585 
atŵospheƌiĐ ŵeaŶ, ǀaƌiaďilitǇ aŶd eǆtƌeŵes iŶ Euƌope faiƌlǇ ƌealistiĐallǇ. As foƌ aŶǇ Đliŵate ŵodel, 586 
soŵe ďiases aƌe fouŶd ďut ;iͿ the ŵajoƌ ƌegioŶal patteƌŶs of the ĐliŵatologǇ of the ŵaiŶ ǀaƌiaďles is 587 
ǁell siŵulated aŶd ;iiͿ dǇŶaŵiĐal ǁeatheƌ patteƌŶs aƌe faithfullǇ siŵulated ďǇ the ŵodel. This pƌoǀides 588 
ĐoŶfideŶĐe iŶ use foƌ attƌiďutioŶ. CoŶĐeƌŶiŶg eǆtƌeŵe ǀalues, too stƌoŶg heat eǆtƌeŵes aŶd heaǀǇ 589 
pƌeĐipitatioŶ aƌe fouŶd, ďut the paƌaŵeteƌs of distƌiďutioŶs do Ŷot eǆhiďit ƋualitatiǀelǇ diffeƌeŶt 590 
ďehaǀioƌ thaŶ iŶ oďseƌǀatioŶs. Hoǁeǀeƌ, siŵulatioŶs do Ŷot ǁell Đaptuƌe the oďseƌǀed patteƌŶs aŶd 591 
aŵplitudes of tƌeŶds iŶ teŵpeƌatuƌe aŶd pƌeĐipitatioŶ, ǁhiĐh is paƌtlǇ due to a tƌeŶd iŶ ĐiƌĐulatioŶ that 592 
is diffeƌeŶt fƌoŵ the oďseƌǀed oŶe aŶd fƌoŵ otheƌ Đliŵate ŵodels. While foƌ teŵpeƌatuƌe ouƌ tƌeŶd 593 
aŶalǇsis shoǁs that these disĐƌepaŶĐies ĐaŶ ďe due to iŶteƌŶal atŵospheƌiĐ ǀaƌiaďilitǇ ;espeĐiallǇ iŶ 594 
ǁiŶteƌͿ, pƌeĐipitatioŶ tƌeŶds haǀe slight, ďut sǇsteŵatiĐ, ďiases aĐƌoss the eŶseŵďle, ǁhiĐh ƌeŵaiŶ 595 
uŶeǆplaiŶed. 596 
We theŶ haǀe eǆaŵiŶed soŵe keǇ atŵospheƌiĐ pƌoĐesses ďut fouŶd Ŷo ŵajoƌ defiĐieŶĐies. The 597 
ǀaƌiaďilitǇ of ĐiƌĐulatioŶ tǇpes is ǁell siŵulated, ďoth iŶ teƌŵs of spatial patteƌŶs aŶd oĐĐuƌƌeŶĐe 598 
fƌeƋueŶĐies. PhǇsiĐal pƌoĐesses ďehiŶd these statistiĐs ĐoŶsisteŶtlǇ deŵoŶstƌate the aďilitǇ of the 599 
ŵodel to siŵulate eǆtƌeŵe eǀeŶts. Heƌe aƌe the ŵaiŶ ĐoŶseƋueŶĐes that Đould ďe dƌaǁŶ foƌ eaĐh of 600 
the fiǀe tǇpes of eǆtƌeŵes that ǁe ĐoŶsideƌed iŶ this studǇ. 601 
Heat Waǀes 602 
“iŵulated ǁeatheƌ patteƌŶs assoĐiated ǁith hot eǀeŶts Đoŵpaƌe faǀoƌaďlǇ ǁith those shoǁŶ iŶ the 603 
ƌeaŶalǇsis, hoǁeǀeƌ, ǁith sigŶifiĐaŶt iŶteƌŶal ǀaƌiaďilitǇ iŶ the ƌepƌeseŶtatioŶ of eǀeŶts ďetǁeeŶ ŵodel 604 
eŶseŵďle ŵeŵďeƌs. Hoǁeǀeƌ, heat ďuild-up is also aŵplified ďǇ laŶd-atŵospheƌe feedďaĐks. We 605 
fouŶd that HadGEMϯ-A Đaptuƌes laŶd-atŵospheƌe iŶteƌaĐtioŶs iŶ pƌeseŶt-daǇ Đliŵate ƌeasoŶaďlǇ ǁell. 606 
We assessed the diffeƌeŶt paƌts of this ĐoupliŶg aŶd fiŶd that espeĐiallǇ the soil ŵoistuƌe-607 
eǀapotƌaŶspiƌatioŶ ĐoupliŶg is ǁell ƌepƌeseŶted, ǁhile the eǀapotƌaŶspiƌatioŶ-teŵpeƌatuƌe ĐoupliŶg is 608 
uŶdeƌestiŵated iŶ ƌegioŶs ďetǁeeŶ ϱϬ°N-ϲϱN°. The oǀeƌall ĐoupliŶg is iŶǀestigated ďǇ ĐoƌƌelatiŶg 609 
pƌeĐediŶg pƌeĐipitatioŶ ǁith teŵpeƌatuƌe iŶ the hottest ŵoŶth ǁheƌe the ĐoƌƌelatioŶs of the ŵodel 610 
output aŶd ďetǁeeŶ the ƌefeƌeŶĐe datasets aƌe siŵilaƌ, ďut the spatial patteƌŶs aƌe Ŷot eŶtiƌelǇ 611 
Đaptuƌed. CoŶsisteŶtlǇ, oďseƌǀed heat ǁaǀe ŵetƌiĐs folloǁiŶg ǁet spƌiŶgs aƌe sigŶifiĐaŶtlǇ diffeƌeŶt 612 
fƌoŵ those folloǁiŶg dƌǇ spƌiŶgs, paƌtiĐulaƌlǇ iŶ “outheƌŶ Euƌope aŶd this pƌoĐess is ƌeasoŶaďlǇ ǁell 613 
Đaptuƌed iŶ the ŵodel. 614 
Too stƌoŶg dƌǇiŶg is takiŶg plaĐe iŶ the ŵodel ǁith eǆaggeƌated eǀapotƌaŶspiƌatioŶ, iŶ ĐeŶtƌal aŶd 615 
ŶoƌtheƌŶ Euƌope iŶ the hottest ŵoŶth, a pƌoďaďle ƌeasoŶ foƌ too ŵaŶǇ aŶd stƌoŶg heat ǁaǀes. 616 
“iŵulated suŵŵeƌ teŵpeƌatuƌes aĐtuallǇ eǆhiďit a too laƌge iŶteƌaŶŶual ǀaƌiaďilitǇ iŶ these ƌegioŶs. 617 
Whetheƌ all these pheŶoŵeŶa aƌe liŶked ƌeŵaiŶs to ďe ĐoŶfiƌŵed ǁith fuƌtheƌ aŶalǇses, hoǁeǀeƌ, ouƌ 618 
ƌesults aƌe suggestiǀe of a ďias toǁaƌds a too fast tƌaŶsitioŶ toǁaƌds a soil-ŵoistuƌe liŵited ƌegiŵe iŶ 619 
CeŶtƌal/ NoƌtheƌŶ aƌeas as fouŶd iŶ ŵaŶǇ otheƌ ŵodels ;FisĐheƌ et al., ϮϬϭϮ, Bellpƌat et al., ϮϬϭϰͿ. This 620 
ŵaǇ eǆplaiŶ the ďiases fouŶd iŶ the shape aŶd loĐatioŶ paƌaŵeteƌs foƌ hot eǆtƌeŵes. The ƌole of spƌiŶg 621 
pƌeĐoŶditioŶiŶg oŶ heat ǁaǀe ŵetƌiĐs appeaƌs ƌeasoŶaďlǇ siŵulated, although fiŶdiŶgs aƌe ĐoŶsisteŶt 622 
ǁith the ďiases disĐussed aďoǀe. 623 
The ĐoŶseƋueŶĐes foƌ attƌiďutioŶ of these ƌesults ƌeŵaiŶ diffiĐult to eǀaluate. The oǀeƌestiŵated 624 
iŶteƌaŶŶual ǀaƌiaďilitǇ, togetheƌ ǁith eǀapotƌaŶspiƌatioŶ oǀeƌestiŵatioŶ iŶ laƌge paƌts of Euƌope 625 
suggests that heat ǁaǀes ƌespoŶses to atŵospheƌiĐ ĐoŵpositioŶ ĐhaŶges ŵaǇ ďe too laƌge. Hoǁeǀeƌ, 626 
oďseƌǀed tƌeŶds iŶ suŵŵeƌ teŵpeƌatuƌes theŵselǀes do Ŷot shoǁ eǀideŶĐe of suĐh oǀeƌseŶsitiǀitǇ. 627 
This iŶdiĐates that ďiases ŵaǇ Ŷot haǀe a ŵajoƌ iŶflueŶĐe oŶ the skill of the ŵodel to siŵulate the 628 
oǀeƌall ĐhaŶge iŶ odds of heat ǁaǀes oƌ that soŵe of the ŵodel eƌƌoƌs ĐoŵpeŶsate foƌ ĐuƌƌeŶt Đliŵate. 629 
Droughts 630 
Dƌoughts haǀe Ŷot ďeeŶ iŶǀestigated iŶ detail. Hoǁeǀeƌ, seǀeƌal ƌeŵaƌks ĐaŶ ďe ŵade. The aďoǀe 631 
ƌesults foƌ teŵpeƌatuƌes aŶd eǀapotƌaŶspiƌatioŶ should iŶ pƌiŶĐiple tƌaŶslate iŶ the ŵodel siŵulatiŶg 632 
too stƌoŶg suŵŵeƌ dƌoughts. IŶ additioŶ, iŶteƌaŶŶual pƌeĐipitatioŶ ǀaƌiaďilitǇ appeaƌs to ďe slightlǇ 633 
oǀeƌestiŵated iŶ suŵŵeƌ, poteŶtiallǇ leadiŶg to ďoth dƌieƌ aŶd ǁetteƌ suŵŵeƌs. Hoǁeǀeƌ a deepeƌ 634 
iŶǀestigatioŶ is ƌeƋuiƌed to ďetteƌ uŶdeƌstaŶd ďiases of the ŵodel aŶd ǁhetheƌ these ďiases aƌe 635 
hiŶdeƌiŶg attƌiďutioŶ of dƌought iŶ Euƌope. It should ďe Ŷoted that Đliŵate ŵodels haǀe laƌge 636 
diffeƌeŶĐes iŶ tƌeŶds iŶ dƌoughts iŶ CeŶtƌal Euƌope. 637 
Cold spells 638 
The ĐiƌĐulatioŶ assoĐiated ǁith Đold eǀeŶts iŶ CeŶtƌal Euƌope is ǁell Đaptuƌed ďǇ the ŵodel aŶd 639 
iŶdiǀidual ŵodel eŶseŵďle ŵeŵďeƌs agaiŶ shoǁ loŶg-teƌŵ ǀaƌiatioŶs iŶ the eǆteŶt aŶd iŶteŶsitǇ of 640 
aǀeƌage Đold spells liŶked to atŵospheƌiĐ iŶteƌŶal ǀaƌiaďilitǇ. Eǆtƌeŵe ǀalue aŶalǇsis of eǆtƌeŵe Đold 641 
ǁiŶteƌ teŵpeƌatuƌes shoǁ a faiƌlǇ good agƌeeŵeŶt ďetǁeeŶ siŵulated aŶd oďseƌǀed ǀalues. Hoǁeǀeƌ, 642 
the siŵulatioŶs aƌe Ŷot fƌee of ďiases iŶ the fƌeƋueŶĐǇ of Đold spells. Weatheƌ ƌegiŵes suĐh as ďloĐkiŶg 643 
oƌ Ŷegatiǀe NAO, ǁhiĐh usuallǇ dƌiǀe Đold spells iŶ Euƌope, aƌe ǁell siŵulated, although theiƌ tƌeŶd 644 
does Ŷot ŶeĐessaƌǇ ŵatĐh that iŶ the ŵodel. IŶteƌaĐtioŶs aŶd lagged ĐoƌƌelatioŶs ďetǁeeŶ the 645 
stƌatospheƌiĐ ǀoƌteǆ aŶd tƌopospheƌiĐ NAO aŶd EuƌopeaŶ teŵpeƌatuƌes aƌe siŵilaƌ iŶ ŵodel aŶd 646 
oďseƌǀatioŶs. Theƌefoƌe, ǁe did Ŷot fiŶd aŶǇ ŵajoƌ pƌoĐess hiŶdeƌiŶg the ƌepƌeseŶtatioŶ of Đold spells.  647 
Hoǁeǀeƌ, the tƌeŶds iŶ ĐiƌĐulatioŶ aŶd teŵpeƌatuƌe aƌe Ŷot ǁell-siŵulated. Due to high Ŷatuƌal 648 
ǀaƌiaďilitǇ it ĐaŶŶot ďe assessed hoǁ this tƌaŶslates to tƌeŶds iŶ Đold eǆtƌeŵes. 649 
Eǆtreŵe preĐipitatioŶ 650 
Eǆtƌeŵe dailǇ pƌeĐipitatioŶ aƌe iŶ laƌge paƌts of Euƌope due to ĐoŶǀeĐtiǀe pheŶoŵeŶa aŶd thus loĐal 651 
ďǇ Ŷatuƌe. Gloďal Đliŵate ŵodels usuallǇ haǀe diffiĐulties iŶ siŵulatiŶg suĐh pheŶoŵeŶa giǀeŶ theiƌ 652 
Đoaƌse spatial ƌesolutioŶ. HadGEMϯ-A has a ǁet ďias iŶ these eǆtƌeŵes, assoĐiated ǁith a too-laƌge 653 
ǀaƌiaďilitǇ, espeĐiallǇ aƌouŶd the MediteƌƌaŶeaŶ sea. IŶ this aƌea ǁe eǆpeĐt dailǇ pƌeĐipitatioŶ patteƌŶs 654 
to haǀe a sŵalleƌ sĐale thaŶ the ŵodel ƌesolutioŶ ĐalliŶg foƌ pƌudeŶĐe iŶ attƌiďutioŶ iŶteƌpƌetatioŶ fƌoŵ 655 
this ŵodel. Hoǁeǀeƌ, it is ŶoteǁoƌthǇ that the spatial patteƌŶ of eǆtƌeŵe pƌeĐipitatioŶ distƌiďutioŶs is 656 
Ƌuite siŵilaƌ to oďseƌǀed. Also, despite the ďiases, the siŵulatioŶs eǆhiďit GEV paƌaŵeteƌs that aƌe 657 
Ƌuite ĐoŶsisteŶt ǁith oďseƌǀatioŶs, ǁhiĐh Đould ŵake the siŵulatioŶs eligiďle foƌ attƌiďutioŶ of 658 
pƌeĐipitatioŶ eǆtƌeŵes oŶĐe the ďias has ďeeŶ ĐoƌƌeĐted. 659 
Storŵ surges 660 
Results foƌ stoƌŵ suƌges iŶdiĐate aŶ uŶdeƌestiŵatioŶ of the eǀeŶts aŵplitude ǁheŶ a ƌegioŶal oĐeaŶ 661 
ŵodel is dƌiǀeŶ ďǇ HadGEMϯ-A as Đoŵpaƌed to a ƌegioŶal atŵospheƌiĐ hiŶdĐast oďtaiŶed ďǇ 662 
doǁŶsĐaliŶg the NCEP-Rϭ ƌeaŶalǇsis. CoŵpaƌisoŶs of siŵulated ǁiŶds ǁith ERA-IŶteƌiŵ ƌeaŶalǇsis 663 
shoǁ a good peƌfoƌŵaŶĐe of the ŵodel foƌ stƌoŶg ǁiŶds oƌ stƌoŶg Noƌth-Easteƌlies iŶ the “outh-664 
WesteƌŶ BaltiĐ “ea ƌegioŶ ǁheƌe stoƌŵ suƌges oĐĐuƌ iŶ NoƌtheƌŶ GeƌŵaŶǇ, iŶdiĐatiŶg that ǁiŶds iŶ the 665 
iŶǀestigated doŵaiŶ aƌe aĐtuallǇ Ŷot the ŵaiŶ faĐtoƌ of uŶdeƌestiŵatioŶ. Thus HadGEMϯ-A ŵodel 666 
siŵulatioŶs ĐaŶ a pƌioƌi ďe used foƌ stoƌŵ suƌge attƌiďutioŶ. 667 
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Figure ϭ: JJA ŵeaŶ Ŷeaƌ-suƌfaĐe teŵpeƌatuƌe: ;aͿ ŵeaŶ state ;ϭϵϲϬ-ϮϬϭϯͿ fƌoŵ CRUT“ϯ.Ϯϯ; ;ďͿ ŵeaŶ 889 
state ;ϭϵϲϬ-ϮϬϭϯͿ fƌoŵ HadGEMϯ-A; ;eͿ liŶeaƌ tƌeŶds ;ϭϵϲϬ-ϮϬϭϯͿ fƌoŵ CRUT“ϯ.Ϯϯ; ;fͿ the Ŷuŵďeƌ of 890 
HadGEMϯ-A eŶseŵďle ŵeŵďeƌs siŵulatiŶg a tƌeŶd sŵalleƌ thaŶ oďseƌǀed; ;iͿ ƌaŶk histogƌaŵ oǀeƌ all 891 
laŶd gƌid poiŶts ĐouŶtiŶg the pƌoďaďilitǇ of the oďseƌǀatioŶs falliŶg iŶ eaĐh ďiŶ ďetǁeeŶ the ƌaŶked 892 
siŵulated ǀalues. ;ĐͿ, ;dͿ, ;gͿ, ;hͿ, ;jͿ aƌe the eƋuiǀaleŶt plots foƌ pƌeĐipitatioŶ. HatĐhiŶg iŶ paŶels ;eͿ 893 
aŶd ;gͿ iŶdiĐates ǁheƌe tƌeŶds aƌe sigŶifiĐaŶt at the ϭϬ% leǀel ;p<Ϭ.ϭͿ; Đƌoss-hatĐhiŶg iŶdiĐates 894 
sigŶifiĐaŶĐe at the ϱ% leǀel ;p<Ϭ.ϬϱͿ. 895 
Figure Ϯ: “aŵe as Figuƌe ϭ ďut foƌ the ǁiŶteƌ seasoŶ ;DJFͿ. 896 
Figure ϯ: Left, ŵiddle aŶd ƌight paŶels: EǀolutioŶ of seasoŶal ŵeaŶ dailǇ ŵeaŶ teŵpeƌatuƌes iŶ Euƌope, 897 
“outheƌŶ Euƌope aŶd NoƌtheƌŶ Euƌope; Fiƌst ƌoǁ: JJA dailǇ ŵeaŶ teŵpeƌatuƌes; “eĐoŶd ƌoǁ: JJA dailǇ 898 
ŵaǆ teŵpeƌatuƌes; Thiƌd ƌoǁ: DJF dailǇ ŵeaŶ teŵpeƌatuƌes; Fouƌth ƌoǁ: dailǇ ŵiŶ teŵpeƌatuƌes. 899 
Figure ϰ: Thƌee left ĐoluŵŶs: paƌaŵeteƌs of the GEV distƌiďutioŶ fitted to oďseƌǀatioŶs ;left paŶelsͿ aŶd 900 
the ŵodel siŵulatioŶs ;ĐeŶteƌ paŶels foƌ the distƌiďutioŶ of aŶŶual ŵaǆiŵa iŶ dailǇ teŵpeƌatuƌe ;TXǆͿ. 901 
μ ƌefeƌs to the loĐatioŶ paƌaŵeteƌ ǁhiĐh is ƌelated to the ŵeaŶ ǀalue, σ the sĐale paƌaŵeteƌ, ƌelated to 902 
the ƌaŶge, aŶd ζ the shape paƌaŵeteƌ, diagŶosiŶg if the distƌiďutioŶ is heaǀǇ-tailed ;laƌge ǀalue of ζͿ. 903 
The diffeƌeŶĐes ďetǁeeŶ the paƌaŵeteƌs of the oďseƌǀed aŶd siŵulated GEV fits aƌe shoǁŶ iŶ the ƌight 904 
ĐoluŵŶ of paŶels. Foƌ μ aŶd ξ the diffeƌeŶĐe is eǆpƌessed iŶ aďsolute teƌŵs; σ the diffeƌeŶĐe is 905 
eǆpƌessed as a ƌatio. “tippliŶg iŶdiĐates aƌeas ǁheƌe the oďseƌǀed-siŵulated diffeƌeŶĐe is laƌgeƌ thaŶ 906 
the ϵϱ% ĐoŶfideŶĐe iŶteƌǀals. Thƌee ƌight ĐoluŵŶs: saŵe as left ĐoluŵŶs foƌ the GEV distƌiďutioŶs of 907 
the ŵiŶiŵal teŵpeƌatuƌes TŶŶ. 908 
Figure ϱ: As Figuƌe ϰ ďut foƌ the distƌiďutioŶ of aŶŶual ŵaǆiŵa iŶ dailǇ pƌeĐipitatioŶ. The fouƌth ƌoǁ of 909 
paŶel shoǁs the ƌatio of the sĐale paƌaŵeteƌ σ aŶd loĐatioŶ paƌaŵeteƌ μ, ǁith the diffeƌeŶĐe agaiŶ 910 
eǆpƌessed as a ƌatio. 911 
Figure ϲ: CeŶtƌoids of the fouƌ ǁeatheƌ ƌegiŵes sea-leǀel pƌessuƌe aŶoŵalies as oďtaiŶed fƌoŵ the 912 
NCEP/NCAR ƌe-aŶalǇses ;a-d foƌ ǁiŶteƌ, i-l foƌ suŵŵeƌͿ aŶd HadGEMϯ-A ;EŶseŵďle of ϭϱ ŵeŵďeƌs, e-913 
h foƌ ǁiŶteƌ, ŵ-p foƌ suŵŵeƌͿ. Fiƌst ĐoluŵŶ: AtlaŶtiĐ Ridge ;ARͿ ƌegiŵe, seĐoŶd ĐoluŵŶ: BloĐkiŶg ;BLOͿ 914 
ƌegiŵe, thiƌd ĐoluŵŶ: Negatiǀe NAO ;NAO-Ϳ ƌegiŵe aŶd fouƌth ĐoluŵŶ: )oŶal ;)OͿ ƌegiŵe foƌ ǁiŶteƌ 915 
;d, hͿ aŶd AtlaŶtiĐ Loǁ ;ALͿ ƌegiŵe foƌ suŵŵeƌ ;l, pͿ. 916 
Figure ϳ: JJA Coŵposites of the staŶdaƌdized Ŷeaƌ-suƌfaĐe teŵpeƌatuƌe foƌ hot suŵŵeƌ eǀeŶts oǀeƌ 917 
CeŶtƌal Euƌope  iŶ Had-GEMϯ-NϮϭϲ histoƌiĐal foƌĐiŶg eŶseŵďle ŵeŵďeƌs ϭ-ϭϱ ; liŶes ϭ-ϯͿ, eŶseŵďle 918 
ŵeaŶ ;liŶe ϰ, leftͿ aŶd aŶd ϮϬCR eŶseŵďle ŵeaŶ ; liŶe ϰ, ƌightͿ. The Đoŵposites haǀe ďeeŶ deƌiǀed 919 
fƌoŵ all Đases ǁheƌe the aƌea-aǀeƌaged aŶd ϱ-daǇ aǀeƌaged teŵpeƌatuƌe oǀeƌ CeŶtƌal Euƌope is laƌgeƌ 920 
thaŶ its ϵϱth seasoŶal peƌĐeŶtile iŶ JJA. 921 
Figure ϴ: as figuƌe ϳ, ďut shoǁiŶg Đoŵposites of the staŶdaƌdized Ŷeaƌ-suƌfaĐe geopoteŶtial height at 922 
ϱϬϬŵď duƌiŶg hot suŵŵeƌ eǀeŶts fƌoŵ Figuƌe ϳ oǀeƌ CeŶtƌal Euƌope. 923 
Figure ϵ: RelatioŶship ďetǁeeŶ JulǇ eǀapotƌaŶspiƌatioŶ aŶd JuŶe soil ŵoistuƌe aǀeƌaged aĐƌoss 924 
EuƌopeaŶ suďƌegioŶs ;left paŶelsͿ, iŶ oďseƌǀatioŶs ;gƌaǇͿ aŶd HadGEMϯ-A ;ďlaĐkͿ. The ĐoŶsideƌed tiŵe 925 
peƌiod is ϭϵϴϵ-ϮϬϬϱ.CoƌƌelatioŶ ďetǁeeŶ JulǇ eǀapotƌaŶspiƌatioŶ aŶd JuŶe soil ŵoistuƌe ;ƌight paŶelsͿ 926 
iŶ oďseƌǀatioŶs ;topͿ aŶd HadGEMϯ-A eŶseŵďle ŵediaŶ ;ŵiddleͿ. Bottoŵ plot iŶdiĐates ǁhetheƌ oƌ 927 
Ŷot HadGEMϯ-A eŶseŵďle Đaptuƌes oďseƌǀed ĐoupliŶg stƌeŶgth. CoŶsideƌed tiŵe peƌiod is ϭϵϴϵ-ϮϬϬϱ. 928 
Figure ϭϬ: RelatioŶship ďetǁeeŶ teŵpeƌatuƌe aŶd eǀapotƌaŶspiƌatioŶ iŶ JulǇ aǀeƌaged aĐƌoss EuƌopeaŶ 929 
suďƌegioŶs, iŶ oďseƌǀatioŶs ;gƌaǇͿ aŶd HadGEMϯ-A eŶseŵďle ŵediaŶ ;ďlaĐkͿ. The ĐoŶsideƌed tiŵe 930 
peƌiod is ϭϵϴϵ-ϮϬϬϱ. The ƌaŶge of ĐoƌƌelatioŶs aĐƌoss HadGEMϯ-A eŶseŵďle ŵeŵďeƌs is shoǁŶ iŶ ƌed 931 
if the oďseƌǀed ĐoƌƌelatioŶ is Ŷot ĐoŶtaiŶed. 932 
Figure ϭϭ: CoƌƌelatioŶ ďetǁeeŶ teŵpeƌatuƌe aŶd eǀapotƌaŶspiƌatioŶ iŶ JulǇ iŶ oďseƌǀatioŶs ;topͿ aŶd 933 
HadGEMϯ-A eŶseŵďle ŵediaŶ ;ŵiddleͿ. Bottoŵ plot iŶdiĐates ǁhetheƌ oƌ Ŷot HadGEMϯ-A eŶseŵďle 934 
Đaptuƌes oďseƌǀed ĐoupliŶg stƌeŶgth. CoŶsideƌed tiŵe peƌiod is ϭϵϴϵ-ϮϬϬϱ. 935 
Figure ϭϮ: Coŵposite of aǀeƌage duƌatioŶ ;HWDͿ of the longest suŵŵeƌ heat ǁaǀe folloǁiŶg the ;topͿ 936 
ϮϬ% dƌiest, aŶd ;ďottoŵͿ ϮϬ% ǁettest spƌiŶgs foƌ ;leftͿ E-OB“ ;ϭϵϱϬ-ϮϬϭϱͿ aŶd foƌ ;ƌightͿ fifteeŶ 937 
HadGEMϯ-A histoƌiĐal ŵeŵďeƌs ;ϭϵϲϬ-ϮϬϭϯͿ, ďased oŶ “taŶdaƌdised PƌeĐipitatioŶ IŶdeǆ ;“PIͿ aǀeƌaged 938 
oǀeƌ eaĐh ďouŶded ƌegioŶ ;i.e. eaĐh ƌegioŶs’ HWD patteƌŶ is Đoŵposited ďased oŶ its oǁŶ ǁet aŶd dƌǇ 939 
spƌiŶg ƌaŶkiŶgͿ. “tippliŶg iŶdiĐates poiŶts that shoǁ a statistiĐallǇ sigŶifiĐaŶt diffeƌeŶĐe at the ϵϱ% leǀel 940 
ďetǁeeŶ dƌǇ aŶd ǁet spƌiŶg Đoŵposites, ďased oŶ a tǁo saŵple WilĐoǆoŶ sigŶed-ƌaŶk test ;HollaŶdeƌ 941 
aŶd Wolfe ϭϵϵϵͿ. “igŶifiĐaŶt diffeƌeŶĐes aƌe oŶlǇ ŵaƌked oŶ the dƌǇ-spƌiŶg Đoŵposite ŵaps. HWD 942 
ǀalues foƌ ƌegioŶs ǁithout heat ǁaǀes aƌe set to zeƌo. EaĐh Đoŵposite ĐoŶsists of ϭϰ aŶd ϭϲϱ spƌiŶgs 943 
foƌ E-OB“ aŶd HadGEMϯ-A ;i.e. ϭϭ spƌiŶgs × ϭϱ eŶseŵďle ŵeŵďeƌsͿ, ƌespeĐtiǀelǇ. 944 
Figure ϭϯ: CoƌƌelatioŶs of ǁiŶteƌ zoŶal ŵeaŶ zoŶal ǁiŶd aŶoŵalies at ϲϬN ǁith that at ϭϬ hPa as 945 
fuŶĐtioŶ of pƌessuƌe aŶd tiŵe lag. Positiǀe lags ŵeaŶ that the stƌatospheƌe leads.  Light aŶd daƌk 946 
shadiŶg ideŶtifǇ ƌegioŶs ǁheƌe the ĐoƌƌelatioŶs aƌe sigŶifiĐaŶtlǇ diffeƌeŶt fƌoŵ zeƌo at the ϱ% aŶd ϭ% 947 
leǀels as estiŵated ǁith a MoŶte-Caƌlo ŵethod that takes seƌial ĐoƌƌelatioŶs iŶto aĐĐouŶt. Top left: 948 
NCEP dailǇ. Top ƌight: NCEP ŵoŶthlǇ.  Bottoŵ left: A tǇpiĐal ŵeŵďeƌ fƌoŵ HadGEMϯ-A eŶseŵďle. 949 
Bottoŵ ƌight: ĐoƌƌelatioŶs ďetǁeeŶ the stƌatospheƌiĐ ǀoƌteǆ ;zoŶal ŵeaŶ ǁiŶd at ϲϬ N, ϭϬ hPaͿ aŶd the 950 
NAO as fuŶĐtioŶ of lag ;positiǀe lags ŵeaŶ that the stƌatospheƌe leadsͿ.  AŶŶual ĐǇĐle has ďeeŶ 951 
ƌeŵoǀed. WiŶteƌ ;DJFͿ. NCEP ;gƌeeŶͿ, a tǇpiĐal HadGEM-ϯA eŶseŵďle ŵeŵďeƌ ;ďlueͿ, NCEP 952 
iŶteƌpolated fƌoŵ ŵoŶthlǇ ǀalues ;gƌeeŶ, dashedͿ. The NAO is ĐalĐulated as the leadiŶg pƌiŶĐipal 953 
ĐoŵpoŶeŶt of sea-leǀel pƌessuƌe. 954 
Figure ϭϰ: CoƌƌelatioŶs ďetǁeeŶ the stƌatospheƌiĐ ǀoƌteǆ aŶd suƌfaĐe teŵpeƌatuƌes.  AŶŶual ĐǇĐle has 955 
ďeeŶ ƌeŵoǀed. WiŶteƌ ŵoŶths ;DJFͿ. Laƌge dots iŶdiĐate ĐoƌƌelatioŶs that haǀe ďeeŶ estiŵated to ďe 956 
sigŶifiĐaŶtlǇ diffeƌeŶt fƌoŵ zeƌo ;ϱ % leǀelͿ as estiŵated ǁith a MoŶte-Caƌlo ŵethod that takes seƌial 957 
ĐoƌƌelatioŶs iŶto aĐĐouŶt.  Uppeƌ left paŶel: OďseƌǀatioŶs ;E-Oďs foƌ suƌfaĐe teŵpeƌatuƌe, NCEP foƌ 958 
stƌatospheƌiĐ ǀoƌteǆͿ.  Otheƌ paŶels: DiffeƌeŶt ŵeŵďeƌs fƌoŵ HadGEM-ϯA eŶseŵďle. 959 
Figure ϭϱ. Noǀeŵďeƌ aŶoŵalies of ŵaǆiŵuŵ ǁateƌ leǀel [ŵ] foƌ ϭϵϳϭ-ϮϬϭϬ ďased oŶ ƌeĐoŶstƌuĐted 960 
ŵodel data ;Coastdat-TRIMͿ aŶd histoƌiĐal HadGEMϯ-A-TRIM ;histͿ eŶseŵďle ŵeŵďeƌs ϭ-ϳ. “eleĐted 961 
gƌid ďoǆes ƌepƌeseŶt loĐatioŶs Đo-loĐated ǁith GeƌŵaŶ Đities of TƌaǀeŵüŶde ;leftͿ aŶd WaƌŶeŵüŶde 962 
;ƌightͿ. 963 
Figure ϭϲ: QuaŶtile-ƋuaŶtile plots of the distƌiďutioŶs of the thƌee ERA-IŶteƌiŵ ǀs. HadGEMϯ-A deƌiǀed 964 
iŶdiĐes of ǁiŶd iŶ the “outh-West BaltiĐ sea ;see ŵaiŶ teǆt foƌ defiŶitioŶs of the iŶdiĐatoƌsͿ. All ǁiŶd 965 
ǀalues oƌ ǁiŶd speeds aƌe eǆpƌessed as ŵs-ϭ. 966 
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“oil Moistuƌe “WBM Dataset ;Oƌth aŶd 
“eŶeǀiƌatŶe ϮϬϭϱͿ 
ϭϵϴϰ-ϮϬϭϯ Ϭ.ϱ°ǆϬ.ϱ° 
EǀapotƌaŶspiƌatioŶ LaŶdFLuǆ-EVAL Dataset ;Muelleƌ et 
al. ϮϬϭϯͿ 
ϭϵϴϵ-ϮϬϬϱ ϭ°ǆϭ° 
 1030 
Taďle ϭ: Oǀeƌǀieǁ of eŵploǇed ƌefeƌeŶĐe datasets 1031 
 1032 
Regiŵe WiŶteƌ: 
AR 
WiŶteƌ: 
BLO 
WiŶteƌ: 
NAO- 
WiŶteƌ: 
)O 
“uŵŵeƌ: 
AL 
“uŵŵeƌ: 
BLO 
“uŵŵeƌ: 
NAO- 
“uŵŵeƌ: 
AR 
NCEP/NCAR Ϯϰ.ϰ% Ϯϳ.Ϯ% Ϯϭ.Ϭ% Ϯϳ.ϰ% ϮϮ.ϲ% ϯϬ.ϭ% Ϯϭ.Ϯ% Ϯϴ.ϲ% 
HadGEMϯ-A 
;ϭϱ ŵeŵďeƌsͿ 
Ϯϯ.ϴ% Ϯϳ.Ϭ% ϮϮ.ϱ% Ϯϲ.ϲ% ϭϴ.ϱ% Ϯϴ.ϰ% Ϯϰ.ϲ% Ϯϲ.Ϯ% 
 1033 
Taďle Ϯ: Weatheƌ ƌegiŵe oĐĐupaŶĐies ;oƌ fƌeƋueŶĐiesͿ foƌ eaĐh Đlusteƌ, Đlusteƌs ďeiŶg ƌefeƌeŶĐed fƌoŵ 1034 
the NCEP/NCAR ƌeaŶalǇses, foƌ eaĐh seasoŶ. 1035 
 1036 
  1037 
 1038 
SuppleŵeŶtarǇ Figure ϭ: DJF Coŵposites of the staŶdaƌdized Ŷeaƌ-suƌfaĐe teŵpeƌatuƌe foƌ Đold ǁiŶteƌ 1039 
eǀeŶts oǀeƌ CeŶtƌal Euƌope iŶ Had-GEMϯ-NϮϭϲ histoƌiĐal foƌĐiŶg eŶseŵďle ŵeŵďeƌs ϭ-ϭϱ ;liŶes ϭ-ϯͿ, 1040 
eŶseŵďle ŵeaŶ ;liŶe ϰ, leftͿ aŶd aŶd ϮϬCR eŶseŵďle ŵeaŶ ;liŶe ϰ, ƌightͿ. The Đoŵposites haǀe ďeeŶ 1041 
deƌiǀed fƌoŵ all Đases ǁheƌe the aƌea-aǀeƌaged teŵpeƌatuƌe oǀeƌ CeŶtƌal Euƌope is sŵalleƌ thaŶ its 1042 
ϱth seasoŶal peƌĐeŶtile iŶ DJF.  1043 
  1044 
 1045 
 1046 
SuppleŵeŶtarǇ Figure Ϯ: DJF Coŵposites of the staŶdaƌdized geopoteŶtial height at ϱϬϬŵď foƌ Đold 1047 
ǁiŶteƌ eǀeŶts oǀeƌ CeŶtƌal Euƌope iŶ Had-GEMϯ-NϮϭϲ eŶseŵďle ŵeŵďeƌs ϭ-ϭϱ ;liŶes ϭ-ϯͿ, eŶseŵďle 1048 
ŵeaŶ ;liŶe ϰ, leftͿ aŶd aŶd ϮϬCR eŶseŵďle ; liŶe ϰ, ƌightͿ. The Đoŵposites haǀe ďeeŶ deƌiǀed fƌoŵ all 1049 
Đases ǁheƌe the aƌea-aǀeƌaged teŵpeƌatuƌe oǀeƌ CeŶtƌal Euƌope is loǁeƌ thaŶ the ϱth seasoŶal 1050 
peƌĐeŶtile iŶ DJF of the assoĐiated teŵpeƌatuƌe. 1051 
 1052 
